
ENGINEERING AND GEOLOGICAL INVESTIGATIONS OF SLOPE STABILITY 

AND ROCK STRENGTH CHARACTERIZATION USING NANOINDENTATION 

 

 

 

A thesis submitted to the Department of  

Material Science and Engineering 

 

African University of Science and Technology 

 

In Partial Fulfilment of the Requirements for the Degree of  

Doctor of Philosophy 

 

In the Department of Material Science and Engineering  

(Geological and Mining Engineering) 

 

By  

 

Gbétoglo Charles Komadja  

(ID No: 70161) 

 

Abuja, Nigeria 

 

June, 2021 

   



ii 
 

CERTIFICATION 

This is to certify that the thesis titled “ENGINEERING AND GEOLOGICAL 

INVESTIGATIONS OF SLOPE STABILITY AND ROCK STRENGTH 

CHARACTERIZATION USING NANOINDENTATION” submitted to the school of 

postgraduate studies, African University of Science and Technology (AUST), Abuja, Nigeria 

for the award of the Doctor of Philosophy’s degree is a record of original research carried out 

by Gbétoglo Charles Komadja in the Department of Material Science and Engineering. 

    

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

ENGINEERING AND GEOLOGICAL INVESTIGATIONS OF SLOPE STABILITY 

AND ROCK STRENGTH CHARACTERIZATION USING NANOINDENTATION 

By  

Gbétoglo Charles Komadja 

A THESIS APPROVED BY THE MATERIAL SCIENCE AND ENGINEERING 

DEPARTMENT 

 

 
RECOMMENDED……………………………………………………… 

Supervisor, Professor Peter Azikiwe Onwualu 

(African University of Science and Technology, Abuja, Nigeria) 

 

 

……………………………………………………… 

Co-supervisor, Dr Sarada Prasad Pradhan 

(Indian Institute of Technology Roorkee, Roorkee, India) 

 

 

……………………………….……………… 

Co-supervisor, Dr Luc Adissin Glodji 

(University of Abomey-Calavi, Abomey-Calavi, Benin) 

 

Committee members 

 

……………………………………………………… 

 

 

Head of Dept. Material Science and Engineering 

……………………………………………………… 

Vice President (Academic)  

……………………………………………………… 

2021 

 

                   Approved by 

                                                                                   Prof. Azikiwe Peter Onwualu 

                        Dr. Anye Vitalis   



iv 
 

©2021 

Gbétoglo Charles Komadja 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ALL RIGHTS RESERVED 



v 
 

ABSTRACT 

Slope stability is of significant importance for sustainable development in mining, civil-

engineering, and urban planning as slope failures endanger public safety and continue to 

result in costly repair work. This study aimed to investigate the geological and geotechnical 

parameters for slope stability of a Himalayan road cut slope along National Highway-7 (NH-

7), Uttarakhand, India. The study also attempted to characterize the intrinsic mechanical 

properties of rocks using nanoindentation experiments.  

Extensive field investigations and laboratory tests were carried out for each slope. These 

include the survey of slope geometry, weathering grade, groundwater condition, soil and rock 

mass sampling, geological strength index. Laboratory investigations mainly comprised of 

direct shear test, particle size distribution, Atterberg limits, soil classifications, mineralogy 

(XRD) analyses, density measurement, rock hardness test, and Brazilian test on the 

representative soil/rock samples from each slope. Deterministic and probability limit 

equilibrium methods (LEM) and strength reduction factor (SRF) based on the finite element 

method (FEM) were used to evaluate the stability condition of the slopes based on the 

Rocscience Slide v6.0 and Phase2 v7.0 softwares, respectively. The results showed that with 

all equal conditions, a gentle slope is vulnerable to weathering, hence induce instability. 

Factor of safety of completely weathered slope is approximately 50% lower than that of 

moderately weathered with relatively steep angle. However, steep gradient slope favours 

surface runoff and inhibits the development of secondary clay minerals which could hamper 

the stability condition of the slopes. Overall slope angle and height experience more 

gravitational stresses and have greatest effect on the stability conditions of the studied slopes 

than the activity of swelling clay minerals. Modification of slope geometry, installation of 

retaining and gabion walls along toe and surface protection are possible stabilization 

techniques to increase the stability state of the slopes.  

Uniaxial compressive strength (UCS) is one important strength index parameter widely 

used for proper design and analysis of many engineering systems including slope stability 

analysis. This study evaluates new approaches to assess the UCS using nanoindentation 

hardness (Hi) and elastic modulus (Ei) from small pieces of rocks since standard 

experimental specimens in most cases are difficult to obtain.  
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CHAPTER ONE 

1.0. INTRODUCTION  

1.1. Background  

Slope failure is a common natural disaster, responsible for a high number of fatalities, 

injuries, damage to infrastructure, as well as major financial losses in the world (Shahnazari 

et al., 2017). Such catastrophes clearly explain the importance of slope stability analysis. 

Over the recent decades, natural and engineered slope stability analysis along road cut and 

mine benches and walls has been widely studied by researchers.  

Slope failure is a natural phenomenon involving a displacement of a geomaterial (rock, 

debris, earth) making up the slope under the influence of gravity, in response to natural and 

anthropogenic intervention. Natural factors include slope geometry, rainfall, seismic and 

volcanic activities, cloudburst, and weathering-erosion. Unplanned excavation and 

infrastructure construction, ground vibration induced by rock blasting and heavy engine 

motion, are a few anthropogenic activities responsible for slope failure in mining, civil and 

environmental projects. Slope failure is a critical hazard, as it can directly affect people, 

infrastructure, and the environment (Figure 5.1). Therefore, assessment of factors affecting 

slope failure is essential to illustrate the stability conditions of the slopes and predict their 

behaviour in the future and propose subsequent stabilization measures. 

The equilibrium state of the slope is determined by the balance of the driving force 

(collapse load) which tend to induce the downward movement and the resisting force 

(working load) which acts as an opposite force that resists the downslope movement. The 

ratio of resistance force to the driving force, known as a factor of safety (FoS), is a key 

numerical value that provides a quick assessment of the stability state of a slope. 
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Figure 1. 1. (a) Slope failure, Bafoussam, Cameroon; (b) embankment failure, Tamparuli, 

Malaysia; (c) road cut debris slope failure, Uttarakhand, India (c); mine slope failure, (d) 

Bingham Canyon, Utah, US (Google images, April 2021).  

A slope can be considered stable if the resisting force is greater than the driving force. 

The resisting stress along the potential failure surface is characterized by the shear strength 

parameters namely cohesion and friction angle. Theoretically, a slope with a factor of safety 

less than one is unstable and vulnerable to failure, while a slope with a factor of safety 

slightly greater than unity (maybe up 1.2) is considered as marginally stable and may lose its 

equilibrium and fail under extreme rainfall event or seismic activity. In general, if the safety 

factor is found to be large enough, the slope is judged stable.  

a) 

c) 

c) 

d) 

a) b) 
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In hilly and mountainous regions like Himalayan terrains, transportation corridors are 

constructed by excavating natural slope at steep angles (Siddique et al., 2020; Singh et al., 

2014). These engineered slopes undergo weathering, which alters the geotechnical properties 

of slope materials over time and contributes to the failure of many slopes that displayed better 

stability conditions after many years of excavation (Miščević & Vlastelica, 2014; Tran et al., 

2019). Every year, slope failure causes fatalities and huge property damage in mountainous 

regions (Skilodimou et al., 2018). In the Himalayas region, landslides exterminated over 5000 

people during 2013 (Kumar et al., 2014). Several cases of injuries and obstructions due to 

debris slope failure along National Highway in the Lesser Himalaya were reported and 

created lots of difficulties for travellers and pilgrims (Tariq Siddique et al., 2020). The 

National Highway NH-7 in Uttarakhand Himalaya is under the road developmental project of 

the Government of India (Char Dham Mahamarg Vikas Pariyojana) and a detailed scientific 

assessment of the slopes along the road is required for proper planning and sustainable 

development of the area (Siddique et al., 2020). 

1.2. Problem statement 

The road networks constitute the only way of communication in hilly region like 

Himalaya and play a vital role in maintaining sustainable development. Mountainous regions 

are highly unstable and susceptible to natural hazard. Roads construction activities by 

excavating/cutting natural hillslope lead to an increase of natural hazard such as landslide. In 

Himalayan environment, frequent debris-landslides have been reported every year causing a 

large number of fatalities and casualties (Siddique et al., 2020). Such natural hazard is related 

to manmade activities and also natural phenomenon’s associated with the fragile and 

sensitive geotechnical and geological condition of the terrain (Skilodimou et al., 2018).  
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The impacts of landslide occurrence are higher along road corridor or near townships, as 

it can significantly impact the flow of vehicles and cargo along with road networks and also 

causing fatalities and economic losses in the region (Anis et al., 2019; Angillieri, 2020; 

Froude & Petley, 2018; Hungr et al., 2014; Nirupama, 2015; Siddique & Pradhan, 2018). As 

such, the stability assessment of exposed slopes has received wide attention among 

authorities and public organizations for damage mitigation and guarantee sustainable 

development of the hilly region. The national highway-7 (NH-7), formerly named NH-58 is 

one of the remarkable arteries connecting Delhi to Badrinath and has a massive influx of 

tourists and pilgrims and deserves residents contributing to the socio-economic development 

of the region. The lithology of the Lesser Himalayan terrain along the highway (NH-7), 

consists mainly of metasedimentary rocks, rock cum debris and soil which are prone to 

failure and fall frequently. Due to heavy rainfall, climatic conditions and weathering 

processes, the resistance of materials against sliding in the Lesser Himalaya are reported to 

decrease with time and debris slides are encountered along the area as compared to hard rock 

slopes (Siddique & Pradhan, 2018).  

The Lesser Himalaya is nowadays threatened by debris-landslide phenomena. The pre-

existing road cut rock slopes in the area have been weathered for long and continue 

weathering because of the presence of residual soils along with the slopes materials. 

Therefore, this study seeks to investigate the properties of residual soil decomposed from the 

metasedimentary rock that are involved in debris slides occurrence. Up to date, to the 

knowledge of the authors, there has been no significant study for assessing the role of 

sediments/debris composition in developing sliding surfaces in the Lesser Himalaya that can 

hamper the slope stability. Most of the previous research focused on rock slope stability 

analysis (Ansari et al., 2019; Pradhan & Siddique, 2020; Sarkar et al., 2012; Siddique et al., 
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2015). Although several studies revealed that the disintegration and decomposition of rock 

masses by weathering largely contribute to landslide phenomena (Igwe & Chukwu, 2019; 

Jun-Yao Luo et al., 2020; Kitagawa & Daniel, 2004; Kitutu et al., 2009; Miščević & 

Vlastelica, 2014; Yalcin, 2007), the studies on the slope geometry and the debris/soils deposit 

in respect to slope stability is, yet limited in the Lesser Himalayan terrains. Recently, 

Siddique & Pradhan (2018) studied the stability of Himalayan road cut debris slope along 

NH-7 by integrating a variety of information recorded during geotechnical field and 

laboratory investigations. However, in their study, no significant attempt was undertaken in 

the understanding of the relationship between overall angle and the mineralogical 

composition and geotechnical features of the debris in the formation of the landslide. This 

study seeks to extend the work done in this field, by investigating the geological and 

geotechnical parameters of the slope forming materials of a section of road cut debris slope 

along NH-7, Uttarakhand, India.  

The identified section of the Highway, from Rishikesh to Kaudiyala presented herein, is a 

part of the road widening project of Government of India (Char Dham Mahamarg Vikas 

Pariyojana). Excavation for new arrangement and widening of existing engineered slopes 

require a prompt assessment of instability related issues to take a census of the factors 

governing the slope failure and suggest possible appropriate stabilization measures to arrest 

the threat of slope instability along the road section. The author believes the outcomes of the 

study are significant for the stakeholders involved in the project. 

1.3. Research Objectives  

The primary aim of this research is to illustrate the stability conditions of debris slopes in 

Lesser Himalayan along the Highway NH-7 from Rishikesh to Kaudiyala and suggest 
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subsequent reinforcement measures. To achieve this aim, the following sequential steps were 

carried out:  

(a) Geological and geotechnical field investigation to demarcate potential debris slopes; 

(b) Establish the relation between slope degree and weathering grade; 

(c) Determination of geotechnical parameters of the slope forming materials 

(debris/bedrock). 

(d) Correlation between mineralogical composition and geotechnical parameters of debris 

materials overlying the slopes. 

(e) Analysis of stability of slope by limit equilibrium and finite element methods based 

numerical simulation; 

(f) Suggestion of appropriate slope stabilization techniques. 

The difficulties involved in obtaining the core specimens (ASTM D, 1995) to test the 

mechanical properties of rocks induced this research to investigate new method to evaluate 

the uniaxial compressive strength (UCS) from simple and reliable indirect methods using 

nanoindentation technique. To achieve this aim, the following sequential steps were carried 

out:  

(a) Determination of uniaxial compressive strength (UCS) of rocks at macro-scale using 

standard rock core samples, 

(b) Determination of mechanical properties of rocks such hardness (Hi) and elastic 

modulus (Ei) at nano-scale using nanoindentation experiments on representative rock 

fragments (small pieces), 

(c) Develop empirical models to predict UCS of rocks from nano-scale mechanical 

properties. 
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1.4. Scope of work 

The research described in this thesis is undertaken for a better understanding of the factor 

affecting debris slope failure in Himalayan terrain. In this research, the effect of weathering 

on debris-landslide occurrence was highlighted. The influence of slope geometry on the 

development of secondary clay minerals in the materials making up the slopes was also 

discussed. The shear strength reduction factor (SRF) theory applied in finite-element-method 

with the help of phase2 software program was used to identify major factors influencing the 

stability of the debris slope. The following procedures were employed in the study to achieve 

the goals: 

 Detailed geological and geotechnical field investigation to demarcate debris landslide-

prone along the National Highway-7 (NH-7) from Rishikesh to Kaudiyala.  

 Geotechnical analyses of the collected samples for laboratory investigations. These 

include 

i. Sieve analysis to classify the type of soil as it influences the geotechnical 

parameters of the geomaterial 

ii. Atterberg limits test for the determination of the soil consistency 

iii. Unit weight. The density of samples collected from both debris materials and 

rock mass was determined in the laboratory and unit weight was calculated 

iv. Direct shear test to estimate the strength of the material by determining its 

angle of internal friction and cohesion 

 Geomechanical characterization. Rock hardness test (Schmidt hammer test) was 

performed during field survey to determine the unconfined compressive strength of 
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the bedrock. The use of nanoindentation experiments to characterise the rock strength 

was investigated. General Hoek-Brown (GHB) failure criterion was adopted to study 

the strength parameters of the jointed rock mass (bedrock) and Brazilian test method 

was used to determine the indirect tensile strength. The Poisson ratio was also 

determined.  

 Mineralogical characterization of the debris was performed based on X-Ray 

Diffraction (XRD) analysis to explore the effect of clay minerals (if any) on the 

stability conditions of the investigated debris slopes. 

 Slope stability assessment. Limit equilibrium methods and finite-element-based 

numerical simulator were used to evaluate the slope’s stability conditions and suggest 

subsequent stabilization measures. 

1.5. Thesis outlines  

The present research consists of six chapters organized as follows. 

 Chapter 1 serves as an overview of the entire dissertation. It presents the background 

and introduction highlighting the research objectives and the scope of work.  

 Chapter 2 reviews reported works in the field of debris slope stability. An introduction 

of factors influencing the stability of debris slopes and methods of slope stability 

study has been presented. 

 Chapter 3 describes the stability conditions of a Himalayan road cut slope with 

varying degrees of weathering using finite-element-model-based approach. 
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 Chapter 4 evaluate the geotechnical and geological investigation for slope stability 

analysis and stabilization measures of a section of road cut debris-slopes along NH-7, 

Uttarakhand, India. 

 Chapter 5 studies the empirical estimation of uniaxial compressive strength of rock 

using measurement from nano-indentation experiments. 

 Chapter 6 highlights the outcomes of the research. Limitations of the study, as well as 

the scope of future research, are also discussed in this chapter. Summary and cited 

references are presented at the end of each chapter. 
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CHAPTER TWO 

2.0.Literature review 

2.1.Introduction 

The literature review is significant for any research. It consists of an extensive 

literature survey in the research field through peer-reviewed journal papers, books, 

reports of fieldwork related to slope stability analysis. This phase is considered a crucial 

stage since it will help in developing a firm base to identify gaps in the research area to 

define and dictate the suitable data to be collected. The useful documents identified, 

have been classified based on the parameters, methods and techniques used to evaluate 

the stability state of engineered slopes in general and landslide mechanism in a 

mountainous region in particular. An understanding of the type of landslide and the 

triggers factors are also reviewed for broad view knowledge on the subject of landslide 

phenomenon.  

2.2.Classification of landslides 

In this study, the term landslide refers to all downslope movement (slope failure) 

under the influence of gravity (Varnes, 1978). Several classifications can be used to 

describe slope failures. The failure mechanism and the materials involved (soil, rock 

mass) characterize the type of landslide. The most common classification approach 

widely used was proposed by (Varnes, 1978) (Table 2.1) as represented in Figure 2.1 

(Jain, 2014). Based on the volume of the materials involved, three groups of slope 

failure was proposed: small (10-50m
3
), medium (50-500m

3
), and large (>500 m

3
). 
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Figure 2. 1 Schematic representation of types of slope failure (Jain, 2014; USGS, 2004) 

This research focused on the geological and geotechnical investigation of debris 

slides along road cut slopes with varying degrees of weathering. A debris slide is a mass 

movement down a slope along a well-defined surface. In a weathered lithology, the 

nature of mass movement depends mainly on the severity of the weathering and the 
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properties of the geological materials involved (Migoń, 2013). The common type of 

slides includes rotational, translational, and complex slides with respect to the failure 

surface geometry being respectively circular, polygonal, or a combination of these two. 

Translational and rotational landslides are widespread in debris slides poorly cemented 

in hilly slope with a high topography (Summa et al., 2010). Translational slide is 

common in coarse grain materials, while rotational slide generally occurs in 

homogenous fine-grained materials (Chatterjee & Murali, 2018). A weathered slope 

with a cap of debris under the slope surface generally undergoes debris slide along 

gentle slopes.  

Debris slopes in Himalayan terrains are generally characterised by shallow deposits 

(< 5 m), underlain by less permeable rock masses, which tend to reduce the down water 

infiltration and the water is retained and within the above debris materials and thus 

increase the shear stress by the rise of the pore-water pressure favouring the down mass 

movement (Li et al., 2013). Steep slopes favourable to surface drainage do not allow the 

formation of tick weathered materials above the slope. Such slopes undergo shallow 

debris/rock slides and rock fall along discontinuity planes and opening fractures 

(Migoń, 2013) 

Table 2. 1 Landslide classification system 

Type of movement  Material types 

Rock  Engineering soils 

Debris (Predominantly 

coarse) 

Earth (Predominantly 

fine) 

Fall  Rock fall Debris fall Earth fall 

Topple  Rock topple Debris topple Earth topple 

Rotational sliding Rock slump Debris slump Earth slump 

Translational sliding Block slide Debris slide Earth slide 
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Lateral spreading Rock spread - Earth spread  

Flows  Rock creep Talus flow Dry sand flow 

  Debris flow Wet sand flow 

  Debris avalanche Quick clay flow 

  Solifluction Earth flow 

  Soil creep  Rapid earth flow 

   Loess flow 

Complex - involving a combination of two or more principal types of movement 

 

2.3.Landslide causes and triggers 

Although there are several types of causes of landslides, the causes related to 

weathering are mostly reviewed in the following sections for a better understanding of 

the influence of weathering on road cut rock/debris slope stability in Himalayan terrain.  

A single factor cannot be put down as the cause of slope failure; it is a consequence 

of convergence of a sequence of unfavourable stability conditions, both natural and 

anthropogenic induced. On the other hand, landslides occurrence is not a result of a 

single factor; it is the interference of multiple intrinsic and extrinsic factors. The 

intrinsic factors include lithology, tectonic stress concentration, slope structure, shape of 

slope, while the extrinsic factors comprise seismic activity, precipitation and weathering 

processes (Du et al., 2020). Factors such as geology (lithology, discontinuity conditions, 

weathering, seismic activities); geomorphology (water flow condition, vegetation); 

climate (rainfall, groundwater condition, snow melting…); morphometric (slope, aspect, 

slope gradient and elevation); and human activities (construction, slope excavation, 

mining, land use) are considered to be of importance. For engineered cut slopes, the 

morphometric parameters are controllable and can be optimized. The strength of the 
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materials forming the slope is uncontrollable. Its impact on the slope failure may be 

controlled based on the slope geometry.  

The slope stability is evaluated by comparing the resisting stresses (shear strength) 

to the driving stresses (shear stress). Slope fails when the downward movements 

(driving forces) of materials under gravity exceed the mobilised forces (resisting force). 

The ratio of resisting force to the driving force is termed as factor of safety (FoS) (Eq 

2.1) which provides a swift evaluation of the slope stability state.  

      
                                

                            
                                      (Eq 2.1) 

Failure of an entire slope may occur if the FoS falls below unity (FoS < 1), whereas 

a slope with FoS slightly greater than one (1 < FoS < 1.2), the slope may be classified as 

marginally stable. In contrast, if the FoS is sufficiently greater than 1 (FoS >1.2), the 

slope is considered stable and can resists failure.  

Generally, a stable implying that the shear strength of the slope forming material is 

greater than the shear stress required for equilibrium (Duncan and Wright, 2005). Thus 

the safety factor of the slope decreases with a decrease of the shear strength and/or the 

increase of the shear stress. Water and the presence of swelling clay minerals actively 

augment the slope instability through the decrease in the resisting strength. Table 2.2 

presents the parameters responsible for slope failure. Common geotechnical terms to 

appreciate the stability condition of slope as a function of the safety factor (FoS) was 

reported by Glade and Crozier, 2005 in (McColl, 2015). These include ‘stable’, 

‘marginally stable’ and ‘unstable’. The term stable deals with a slope that exists in an 

environment that is unlikely to produce a trigger sufficient to cause failure, whereas a 

marginally stable slope refers to a slope that is likely to fail under a trigger of sufficient 

magnitudes like heavy or long-lasting rainfall and earthquake (Figure 2.2). The term 
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unstable (FoS < 1) denotes the slopes that are already on the verge of failure and 

actively moving. A stable slope can fail over time as the results of the magnitude of the 

driven stresses, which is attributed to the change of various stability factors. Also, parts 

of a stable slope body can undergo cumulative deformation which may lead to a 

progressive reduction of the FoS and probably induce slope failure (McColl, 2015). 

Varnes (1978) reported that any stability factor that contributes to the change in stability 

state from stable to marginally stable, can be considered as a landslide causes, whereas 

the final action that initiates failure of a previously stable or marginally stable slope, is 

considered a trigger. On the other hand, the classification of the factors controlling or 

influencing the slope stability can be divided into preconditioning, preparatory, and 

triggering factors (Table 2.3). The factors that contribute to the reduction of the inherent 

shear strength of the slope forming material, considered as uncontrollable factors, are 

grouped into ‘preconditioning factors’. Those that contribute to the alterability of the 

stability state over time with insufficient magnitude to cause movement/failure are 

designated as ‘preparatory factors’, whereas, the ‘triggering factors’ include factors that 

transform a standing slope to an actively unstable condition. 

 

Table 2. 2 Factors affecting slope equilibrium.  

Decreases in shear strength (resisting force) Increase in shear stress (driving 

force) 

Weathering  Increase in soil weight resulting from 

increased water content 

Increased pore pressure (reduced effective stress) Loads at the top of the slope 

Cracking  Water pressure in cracks at the top of 

the slope 

Development of slickensides Excavation at the bottom of the slope 
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Decomposition of clayey rock fills Drop-in water level at the base of the 

slope 

Creep under sustained loads Earthquake shaking  

Strain softening   

Cyclic loading  

 

 

Figure 2. 2 Reduction of slope stability condition (factor of safety) over time (after 

(McColl, 2015) 

 

2.3.1. Strength degradation  

2.3.1.1.Stress accumulation 

The stress-strain accumulation is one factor that gradually reduces the material 

strength as a result of the self-weight (gravity). These stresses increase with the addition 

of any constant tectonic activity or internal/residual stresses (McColl, 2015). A steeper 

slope having high height undergoes more stresses compared to a gentle slope with lower 

height which can give rise to landslide without any other apparent failure triggers. 
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Seismic activity or ground vibration induced by machinery, blasting operation, wind 

loading, groundwater fluctuation, contribute to a progressive strength reduction of the 

material which further may lead to slope failure with even insufficient triggers.    

2.3.1.2.Weathering  

The inherent strength of any slope material experiences degradation over time. 

Weathering gradually alters the geotechnical properties of the material forming the 

slope during its life span and contributes to the failure of many slopes which displayed 

better stability conditions after many years of excavation (McColl, 2015; Tran et al., 

2019).  

The weathering involves any disintegration of fresh/massive (pre-existent) rocks 

into residual and transported soils under the influence of the atmosphere and 

hydrosphere (Migoń, 2013). Two categories of weathering including physical 

(mechanical) and chemical weathering are reported in the literature. Mechanical 

weathering is a physical alteration of a massive or pre-existent rock into fragments 

without changing the chemical composition of the parent rocks. Chemical weathering is 

the alteration of rock or mineral into products that are more in equilibrium with the 

present environment near the surface (dos Santos et al., 2017; Yalcin, 2007). 
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Table 2. 3 Landslide causes and triggers (McColl, 2015) 

Preconditioning factors 

Plastic weak material 

Sensitive material 

Collapsible materials 

Weathered material 

Sheared material 

Jointed or fissured material 

Adversely oriented mass discontinuities (including bedding, foliation, cleavage, unconformities, flexural shears, and sedimentary contacts) 

Contrast in permeability and its effects on groundwater 

Contrast in stiffness (stiff, dense materials overlaying weak plastic materials) 

Preparatory Factors Processes 

Geomorphological Physical Human 

Increase in slope height or steepness Tilting from tectonism, volcanism, 

or glacial rebound fluvial, marine 

or glacial erosion/undercutting 

 Slope excavation or slope 

construction 

Debuttressing  Glacier retreat  Unloading of toe of slope 

Exposure of potential failure surface Fluvial, marine or glacial 

erosion/undercutting 

 Slope excavation 

Reduction in inherent strength Soil piping or solution weathering  Weathering 

Stress-induced fatigue 

Tunnelling, underground mining, 

deforestation 
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Loading of the slope Gradual build-up of sediments or 

vegetation 

 Construction or emplacement of 

engineering fill or waste deposits 

Long-term increase in groundwater levels  Climate change Infiltration from storm water or 

broken pipes 

Irrigation 

Removal of vegetation 

Triggering Factors  

Rapid increase in pore water pressures 

Geomorphological Physical Human  

Undrained loading from rapid 

emplacement of sediment 

Rainfall 

Thaw of snow/ice 

Undrained loading from rapid 

emplacement of fill or heavy 

loads 

Drawdown of groundwater Natural dam-breach  Lowering of reservoir 

Transitory applied stresses  Earthquake 

Wind  

Machinery vibrations 

Reduction in strength  Permafrost degradation 

Weathering 

Stress-induced fatigue 

 

Loading of the slope Other landslides precipitation Building materials 
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Chemical weathering favour mineral dissolution, leaching, precipitation, enrichment 

and/or formation of secondary minerals that tend to alter the strength of the initial 

material by weakening the intact particle or the bonding between particles grains (Che 

et al., 2012; Regmi et al., 2014; Thiery et al., 2019). An investigation conducted by Ietto 

et al. (2018) revealed a strong correlation between the weathering degree and the slope 

instability. Generally, the degree or grade of weathering depends upon various 

parameters including mineralogical composition, texture, grain to grain contact, and 

climatic condition of the area. With all factors equal, a gentle slope is more vulnerable 

to weathering than a steep slope. 

Weathered materials are heterogeneous and are commonly reported to contain a 

wide range of particle size that impacts the slope stability. Studies conducted on the 

influence of weathering on geotechnical parameters of slope materials showed that the 

weathering products as a mixture of different particles sizes, change the material 

porosity and permeability which play an important role in landslide occurrence 

(Getahun et al., 2019; Igwe et al., 2007; Lee & de Freitas, 1988; Momeni et al., 2015; 

Yalcin, 2011). Regmi et al. (2014) and Summa et al. (2015) reported that the fine-

grained content in a weathered product increases with the increase of the weathering 

degree. The weathered material with high fine particles sizes reduce the flow of water 

within the materials and consequently increase the pore water pressure and the shear 

stress which increase the slope instability. In rock slope, weathering promotes the 

development of fracture networks, preferential dissolution of water-sensible minerals 

within rock discontinuities and participates in the failure of previously stable slopes.  

Based on the above information, it’s very important to examine the role of 

weathering and particle size distribution on material strength degradations with respect 

to debris-landslide. 
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2.3.1.2.1. Physical weathering  

Weathering can be characterized from field investigations based on the change of 

materials texture, discolouration processes, breaking sample by hands and hammer, the 

sound of the rock under geological hammer impact, and Schmidt hammer tests. The 

classification presented in Table 2.4 distinguishes six classes from class I belonging to 

the fresh/sound rock to the completely weathered rock mass (class V) along with 

residual/colluvial soils (class VI). This weathered profile may be taken as a reference 

and should be accommodated to the field description (Ietto et al., 2018).  

Table 2. 4. Weathering classification 

Weathering 

class 

Rock mass Rock material 

I 

Fresh 

Behaves as rock Rock unchanged from original state or 

only slightly stained along major joints 

II 

Slightly 

weathered 

The rock mass is slightly 

weathered (more than 70% of 

the outcrop); limited and 

blocked rock mass volumes, 

near the discontinuities, can 

be constituted by moderately 

weathered rock. 

Some change of the original colour is 

present only near the discontinuities; 

original texture and microstructure of 

the fresh rock are perfectly preserved; 

strength is comparable to that of the 

fresh rock; make a ringing sound when 

it is struck by hammer;          

values: 40-50 

III 

Moderately 

weathered 

The rock mass is moderately 

weathered (more than 70% of 

the outcrop); limited and 

isolated rock mass volumes 

can be constituted by highly 

or slightly weathered rock. 

The rock materials locally show a 

pervasive change of the original colour, 

but locally the colour of the fresh rock is 

present; original texture and 

microstructure of the fresh rock are well 

preserved; strength is comparable to that 

of the fresh rock; make an intermediate 

sound when it is struck by hammer; 

large pieces are hardly broken if the 
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rock is struck by head of hammer; point 

of geological hammer can produce a 

scratch on the surface;          values: 

25-40. 

IV 

Highly 

weathered 

The rock mass is highly 

weathered (more than 70% of 

the outcrop); limited and 

isolated rock mass volumes 

can be constituted by 

completely or moderately 

weathered rock. 

The rock materials show a complete 

change of the original colour, with 

reddish-yellow coatings on fractured 

surfaces; original texture and 

microstructure of the fresh rock are still 

preserved; strength is substantially 

reduced; make an intermediate dull 

sound when it is struck by hammer; 

large pieces do not slake in water; point 

of geological hammer indents the rock 

superficially; knife-edge produces a 

scratch on the surface of rock;          

values: 10-25. 

V 

completely 

weathered 

The rock mass is completely 

weathered (more than 70% of 

the outcrop); limited and 

isolated rock mass volumes 

can be constituted by residual 

soil or highly weathered rock 

The rock samples show a complete 

change of the original colour, with 

reddish-yellow coatings on fractured 

surfaces; original texture and 

microstructure of the fresh rock are 

present in relict form; soil-like 

behaviour; large pieces can be broken 

by hand or crumbled by finger pressure 

into constituent grains and slake in 

water; point of geological pick indents 

the rock deeply; knife-edge easily 

carves the rock surface; gravel and sand 

fractions are prevalent;          

values: 0-15. 

VI 

Residual and 

colluvial soil. 

The rock mass mainly 

consists of residual, colluvial, 

and detrital-colluvial soils 

The samples how a complete change of 

the original colour, with pervasive 

fractures and discontinuity surfaces 
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(more than 70% of the 

outcrop); limited and isolated 

portions can be constituted by 

moderately or highly 

weathered rock and/or 

saprolitic soil 

where a widespread iron-stained and 

clay-rich pedogenic matrix is observed; 

original texture and microstructure of 

the fresh rock are destroyed; soil-like 

behaviour; large pieces can be easily 

broken by hand or crumbled by finger 

pressure into constituent grains. 

2.3.1.2.2. Chemical weathering indices  

Weathering intensity of geological formation can also be quantified and evaluated 

based on the molecular proportions of major elements (Table 2.5). Parker (1970) 

proposed plagioclase index of weathering (WIP) based on the ratio of alkali and alkaline 

earth metal (Na, K, Ca, Mg). WIP value decreases with the increase of weathering 

degree. The lixiviation Index (Ba) is the ratio of alkali and alkaline metal oxides (Na2O, 

K2O, CaO) to the aluminium oxide (Al2O3) (Luo et al., 2020). The weathering intensity 

increase with a decrease of the lixiviation value (Ba). The ratio R2O3 based on the 

principle that the proportion of base mobile metal oxide (MgO, CaO, Na2O, K2O) to 

relatively immobile elements (Al2O3, Fe2O3, TiO2) should reduce during weathering 

(Colman, 1982). The chemical index of weathering (CIW) stipulates that immobile 

metal aluminium has the potential to remain accumulated in residual soils and for that 

the CIW value increases with the increase of weathering degree, calcite (Ca) and nitrite 

(Na) being dissolved (Harnois, 1988). Chemical index of alteration (CIA) is typically 

based on the assumption that calcium, sodium, and potassium are lost during weathering 

and aluminium is immobile. CIA value augments as the rock becomes more weathered. 

The plagioclase index of alteration (PIA) is another important index characteristic of 

weathering in silicate rocks rich in plagioclase (Fedo et al., 1995). The authors stated 

that the value of PIA increases with the increase of weathering degree. For example, in 
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fresh rocks, PIA is 50, while clay minerals such as kaolinite, Illite, and gibbsite are 

nearer to 100.  

Table 2. 5 Indices of chemical weathering based on molecular proportions of elements 

oxides 

Index Formula  

 

Weathering Index of Parker (WIP) 

 

 
     

    
 

   

   
 

    

   
 

   

   
   100 

Lixiviation Index (Ba)  
            

     
 . 

R2O3 ratio  
                

                
 . 

Chemical Index of Alteration (CIA)  
     

                  
      . 

Chemical Index of Weathering (CIW)  
     

              
      . 

Plagioclase Index of Alteration (PIA)  
         

                  
  x 100 

Vogt’s residual index (V) 
 

         

            
  

 

2.3.1.3.Water-induced slope failure. 

Rainfall is a major triggering factor for the occurrence of landslides. The role of 

water in the strength degradation of slope forming material through weathering is no 

longer to be demonstrated. Generally, rainfall infiltration interacts with geological 

formation, enhancing the materials alterability rate, which is detrimental to slope 

stability. A gentle slope unfavourable to surface drainage, promotes down water 

infiltration, and retains the fluid, which interacts with the geomaterial, making it 

vulnerable to weathering and subsequent strength reduction (Pei et al., 2020). The 

increasing of water content in unsaturated soil during heavy or long-lasting rainfall lead 

to losses of matrix suction through the increase of pore water pressure and the decrease 

in shear resistance, resulting in slope instability (Lo et al., 2016; Nguyen et al., 2020; 
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Zhang et al., 2017). Rainfall infiltration raises the groundwater level favourable to 

chemical weathering and development of secondary minerals, which may contribute to 

the reduction of the shear strength and slope stability. When the groundwater reaches a 

weak zone within the slope, it reacts with sensitive minerals and gradually advances the 

material’s alterability by either physical or chemical processes. The altered weak zone 

becomes a potential landslide-slip zone from which failure occurs when the driven 

stresses are greater than the resisting stresses (Wen & Chen, 2007).  

2.3.1.4.Clay minerals and slope instability 

Studies of a good number of researchers have shown that clay minerals have a 

significant influence on the engineering properties of soils. According to the 

investigation of the influence of clay minerals on the development of creeping 

landslides, Bhandary et al. (2005) suggested that montmorillonite clay weakens the 

strength parameters of landslide materials and seems to be gradually transformed from 

other minerals and consequently augment the slope instability. Wen & Chen (2007) 

examined the interaction between groundwater and clay mineral compositions in the 

development of landslide slip zones and reported the groundwater may have interacted 

with the slip zone materials to form illite clay minerals, transformed into mixed-layer 

illite-smectite which reduces the materials shear strength and largely hamper the slope 

stability. Collettini et al. (2009) reported that even a small amount (10-30%) of fine-

grained minerals made of phyllosilicates such as smectite under shear strain, facilitate 

frictional sliding and could be a possible explanation of landslide occurrence. A study 

conducted by Neupane & Adhikari (2011) on clay minerals and landslide generation in 

central Nepal revealed that soils bearing illite clay have a great significance with the 

occurrence of landslides due to its low shear strength and high swelling behaviour as 
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compared to other clay minerals such as chlorite and kaolinite. Shuzui (2001) linked the 

development of slip surfaces in landslides as a result of the augmentation of clay 

minerals. Based on the mineral composition they found that low frictional resistance 

smectite clay increases toward the slip surface and drew a conclusion that smectite may 

have played a lubrication role facilitating slide movement. Similarly, Choo & Kim 

(2011) observed the abundance of smectite (montmorillonite) in the more vulnerable 

landslide zones over other clay minerals. Summa et al. (2010) investigated the role of 

clay minerals on landslide occurrence in sediments bearing clay in Southern Italy and 

suggested a linear relationship between landslide occurring and the proportion of 

hydrophilic minerals such as kaolinite, illite and mixed-layers. They observed that 

strength parameters of the sediments decrease as the clay minerals (kaolinite, illite and 

mixed-layers) increase. Shuzui (2001) and Motaka et al. (2012) attributed the cause of 

frequent rainfall induced-landslides to the activity of clay minerals. Based on the 

proportional correlation of these minerals on the active sliding surface, the authors 

believe that the clay minerals act as a lubricant in the slope materials and promote 

sliding. Udvardi et al. (2016) and Soto et al. (2017) recognized also the importance of 

the mineral composition of the materials involved in the landslides. The authors stated 

that the sliding is largely initiated by the lithological changes within the landslide body 

rich in clay minerals. Watkins et al. (2015) reported that the small size and platy shape 

grains of hydrated silicates (phyllosilicates) soften in contact with water and behave as a 

lubricant, favouring landslides. Summa et al. (2018) emphasized a negative linear 

correlation between kaolinite clay content and the shear strength of the soils along a 

potential slip zone. According to the authors, kaolinite may develop a certain lubrication 

property facilitating sliding movement. Similarly, Schäbitz et al. (2018) and Summa et 

al. (2018) pointed out that the augmentation of fine-grained clay mineral as a function 
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of weathering grade in a potential slip zone could have favoured the sliding mechanism 

of landslides. Likewise, Anis et al. (2019) observed that a higher clay content reduces 

the materials shear strength, rendering the slope vulnerable to failure. Therefore, there is 

a potential to be gained from investigating the effect of clay minerals on landslide 

occurrence and advice.  

2.4.Parameters for slope stability analysis 

2.4.1. Unit weight of soil 

The unit weight is one of the soil engineering properties defined as the ratio of the 

mass of a unit volume of the soil materials to the mass of the same volume of water. 

The soil density analysis for unit weight was determined according to standard 

procedures suggested by (ASTM D5030 / D5030M - 13a, 2013) standard. 

2.4.2.  Rock mass strength 

Reasonable property of the rock mass underlying a mantled slope is very important 

to evaluate its stability condition. One of the realistic and widely used methods that 

incorporate the geological condition of the rock is the General Hoek-Brown (GHB) 

failure criterion. The GHB criterion was introduced by Hoek (1984) and Hoek et al. 

(1995) to estimate the rock mass strength. The following expressions (Eq 2.2-2.5) 

define the GHB criterion. 

             
  

   
   

 

                      (Eq 2.2) 

where,    is the major effective principal stress;   , is the minor effective principal 

stress;    , represents the uniaxial compressive strength of the intact rock material;   , 

s and a are the rock mass materials constants, given by  

         
       

      
                         (Eq 2.3) 
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                          (Eq 2.4) 

  
 

 
 

 

 
                                         (Eq 2.5) 

where,  

   represents the material constant which depends upon the type of rock and should be 

estimated by triaxial testing on core samples Marinos & Hoek (2001). Table 2.6 

presents the guideline for the estimation of the Hoek-Brown constant    derived from 

triaxial tests on intact core sample;  

D represents the degree of disturbance to which the rock mass has been subjected to 

blasting and stress relaxation (Hoek & Brown, 2018). Its value range from 0 for an 

undisturbed in-situ rock to 1 for disturbed rock masses; 

GSI is a geological strength index based on the visual inspection of the outcrop rock and 

was estimated in the field following the basic chart (Figure 2.3) proposed by Marinos et 

al. (2005). The advantage of GSI is its capacity to characterise the rock mass strength 

when data is limited. Rock mass properties such as cohesion, friction angle, tensile 

strength, Young’s modulus and residual strength can be computed from GSI using a 

window-based program namely ‘RocLab’ (Kiun & Abd.Rahim, 2017; Pradhan & 

Siddique, 2020). The empirical relationship between material properties and geological 

strength index (GSI) can be seen in Figure 2.4  

2.4.3. Unconfined compressive strength (UCS) 

Unconfined compressive strength (UCS) is one important strength index parameter 

widely used for the safe and proper design of many engineering systems and structures 

including slope stability analysis (Haftani et al., 2014; Özkan et al., 2015). The UCS 

should be calculated from intact rock core samples (ASTM D 2938 – 95, 1995; Aydin, 
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2015). The unavailability and high cost involved in obtaining the standard core 

specimens and the substantial amount of time for the sample preparations motivated 

researchers to develop indirect methods to evaluate UCS from other rock properties that 

can be obtained from simple and reliable indirect methods. These indirect methods are 

based on the measurement of density, porosity, sonic wave velocities (Aladejare, 2020; 

Karakul & Ulusay, 2013), point load strength (Aladejare, 2020; Tandon & Gupta, 

2015), Schmidt hammer hardness (Aladejare, 2020; Wang & Wan, 2019; Yagiz, 2009), 

to name a few.  When it’s not possible to get samples for these indirect methods, the 

UCS can be estimated based on a qualitative description of the rock mass. Table 2.7 

presents the field estimation of UCS of intact rock.  

A new approach of estimating UCS of highly fractured and weak rock masses based on 

empirical models was investigated and in this thesis and the results are presented in 

chapter 5. 
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Figure 2. 3 Geological strength index chart 
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Figure 2. 4 Empirical relationships between material properties and GSI 

 

Table 2. 6 Values for intact rock strength (UCS) and corresponding material constant    

for some typical rocks (Marinos & Carter, 2018) 

Typical Metamorphic Igneous rock Sedimentary    

UCS 

(MPa) 

 Intrusive Extrusive 

(Volcanic) 

 
 

Felsic Mafic 

125-250 
 Coarse 

(Granite) 

   
31-33 

100-300 

Granular 

texture 

(Granulite, 

Quartz, Gneiss) 

Medium 

(Granodiorite, 

Diorite) 

   

28-30 

85-350 

Medium, 

amorphous 

(Amphibolite, 

Gneiss) 

 Coarse 

(Gabbro, 

Peridotite) 

(In 

Ophiolite) 

Mafic (Basalt) 

Intermediate 

(Andesite) 

Felsic 

(Rhyolite) 

Coarse 

(conglomerate -

not clayey) 25-27 
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75-350 

Fine, 

Amorphous 

(Homfels, 

quartzite) 

 Medium 

(Dolerite, 

Diabase) 

 Medium 

(Quartz cemented 

Sandstone 

members of 

flysch or 

molasses/greywa

cke) 

17-20 

       

30-100 

Foliated 

(Schists, 

Phyllite) 

   Fine, (clastics) 

(Silstone/Silstone 

members of 

flysch or 

molasses/tuff) 

10-12 

20-60 

Strongly 

Schistose 

(Schist, 

Phyllite) 

   Fine, Calcarous 

rock 

(Chalk/marl, 

siltstone) 

7-9 

10-50 

Mylonite    Ultrafine 

(Claystone, 

Mudstone/sheare

d Siltstone, Shale 

within flysch 

4-6 

 

Table 2. 7 Field estimation of compressive strength of intact rock (P. Marinos & Hoek, 

2001) 

Grade  Term  UCS 

(MPa) 

Field estimate of strength  Examples  

R0  Extremely 

weak 

0.25-1 Indented by thumbnail Stiff fault gouge 

R1  Very weak 1-5 Crumbles under firm blows 

with point of a geological 

hammer can be peeled by a 

pocket knife 

Highly weathered or 

altered rock, shale 
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R2 Weak  5-25 Can be peeled with a pocket 

knife with difficulty, shallow 

indentation made by firm blow 

with point of geological 

hammer 

Chalk, claystone, 

potash, marl, siltstone, 

shale, rock salt 

R3 Medium-

strong 

25-50 Cannot be scraped or peeled 

with a pocket knife, specimen 

can be fractured with a single 

blow from a geological 

hammer 

Concrete, phyllite, 

schist, siltstone 

R4 strong 50-100 Specimen requires more than 

one blow of a geological 

hammer to fracture it 

Limestone, marble, 

sandstone, schist 

R5 Very 

strong 

100-250 Specimen requires many blows 

of a geological hammer to 

fracture it 

Amphibolite, 

sandstone, basalt, 

gabbro, gneiss, 

granodiorite, peridotite, 

rhyolite, tuff 

R6  Extremely 

strong 

>250 Specimen can only be chipped 

with a geological hammer 

Fresh basalt, chert, 

diabase, gneiss, granite, 

quartzite. 

2.4.4.  Soil shear strength  

The shear strength properties of soil are described in term of cohesion (C) and angle 

of internal friction (ϕ). These properties defined the ability of the soil to stay in position 

on an inclined plane. From laboratory test such as direct shear test and triaxial and the 

Mohr-coulomb failure criterion expressed in Eq 2.6, the strength parameter namely 

cohesion (C) and angle of internal friction (ϕ) of soil can be determined. The direct 

shear test is the widely used method to analyse soil failure envelopes. The test was 

performed under different normal stresses. The dial gauge reading and the shear 

displacement were recorded for each normal load applied. Then, the area correction was 
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applied to determine the shear stresses at failure under each normal stress. The shear 

stresses at failure were plotted against the normal stress for each test. Using the 

generated graph, the cohesion (C) and the angle of internal friction (ϕ) of the materials 

can be obtained based on the Coulomb failure criterion. The test procedure is described 

in detail in American Standard for Testing and Materials (ASTM) procedures (ASTM 

D3080/D3080M, 2011).  

                                       (Eq 2.6) 

where    is the ultimate shear stress at failure;   is the apparent cohesion of the soil 

sample;    is the normal stress at failure plane, and   is the angle of internal friction.  

2.4.5. Grain-size distribution 

The grain size distribution governs the engineering properties of debris materials and it 

is required to classify the soil as the soil type influences the stress-strain and strength of 

materials forming a slope. The grain size distribution is determined by a sieve analysis 

for the coarse-grained fraction of soils (above No.200 sieve with 0.075 mm opening 

size) (ASTM D421−85, 2007). The fine-grained fraction undergoes hydrometer 

analysis. The procedure of the dry sieving method consists of pouring the material 

through a series of standard sieves assembled in the ascending order of sieve number 

and record the weight retained on each sieve as the fraction of the total mass of 

materials. The results obtained are used to assess the soil classes within the Unified Soil 

Classification System (USCS)   (ASTM D2487-17, 2017). 

2.4.6. Atterberg limits  

The soil engineering properties can be viewed as the particular expression of the 

physical behaviour of the fine-grained (silt and clay) content and mineralogy. Liquid 

limit (LL) and plastic limit (PL) as defined by the Swedish soil scientist Albert 
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Atterberg based on the soil moisture content is important to classify fine-grained soil. 

Liquid limit is defined as the maximum water content at which soil becomes sufficiently 

weak to flow like a fluid, while the plastic limit is the water content at which the soil is 

sufficiently stiff and becomes semi-solid. Plasticity index (PI) is an inherent soil 

property that reflects consistency, and it is expressed by the difference between the 

liquid and plastic limits of the soils. The Atterberg limits are obtained using 

Cassagrande’s falling cup methods in accordance with ASTM D4318, (2005) standard. 

The LL and PI are the key index properties that provide a means of grouping or 

identifying the expected behaviour of soils (ASTM D2487-17, 2017).  

2.5.Methods for slope stability analysis 

Several researchers have developed various geo-engineering techniques to perform 

the stability appraisal and excavation of hill slopes for transportation routes and 

benching operations in open cast mines. Overall, these techniques follow a generalized 

flow chart presented in Figure 2.5 

A large number of empirical systems, stress analysis, limit equilibrium method and 

numerical methods are available in the literature and widely used for the assessment of 

the stability condition of a slope. Figure 2.6 presents some commonly available methods 

for slope stability analysis. The choice of the method largely depends upon the stage of 

investigation, nature and stability condition of the slope and other parameters like 

allocated time and budget for the project. 
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Figure 2. 5 Generalized flow chart for debris slope stability assessment (from (Singh et 

al., 2014)) 

 

Limit equilibrium method (LEM) and FEM are the two most slope stability 

approaches to assess the stability conditions of debris slopes (Dyson & Tolooiyan, 

2020).  These techniques evaluate the effect of influencing parameters and stabilization 

measures within a short time response.  

2.5.1. Limit equilibrium methods (LEM) 

LEM is a conventional method widely applied to assess stability conditions of soil 

or debris slopes in residual areas. In this method, the material overlying the assumed 

slip surface is divided into numerous vertical slices. The drawback of this method is that 

the slip surface is assumed and that with minimal factor of safety (FoS) is taken as the 

critical slip surface from which failure may occur. 
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Figure 2. 6 Flow chart showing commonly used methods for slope stability analysis 

(after (Duncan, 1996b; Gupta et al., 2016) 

 

Although LEM technique suffers from the pre-assumption of the location of the 

critical slip surface which leads to the overall safety factor, its simplicity, short response 

time, and cost-effective assessment gained reasonable application in geotechnical 

engineering practices and is widely employed for a large number of stability analysis 

where less capital is available for the project. In the past, the application of LEM 

involved tedious processes with manual calculation, computation of complex equations, 

and utilization of charts. Nowadays, with the development of computer technology, 

these issues are reduced to a minimum level and LEM is now computed with a 
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computer package which is time and cost-effective means. In deterministic LEM, the 

stability conditions of the slope are evaluated by comparing the shear strength (resisting 

force) to the shear stress (driving force) of the slope forming materials. The ratio of 

resisting force to the driving force is termed as factor of safety (FoS) which provides 

swift evaluation of the slope stability state. It’s worth noting that an FoS less than 1 

indicates an unstable slope condition. The higher the FoS, the higher the stability state 

of the slope. Some commonly used limit equilibrium methods for slope stability are 

presented in Table 2.8. 

Table 2. 8 Commonly used limit equilibrium methods for slope stability (Duncan, 

1996a, 1996b; Siddique & Pradhan, 2018) 

Methods  Reference Type of 

method 

Moment 

equilibrium 

Force 

equilibrium 

Shape of 

the slip 

surface 

Ordinary/Fellenius Fellenius 

(1927) 

Non-

rigorous 

Yes  No  Circular  

Bishop simplified  Bishop 

(1955) 

Non-

rigorous 

Yes  No  Circular  

Lowe and 

Karafiath’s  

Lowe and 

Karafiath 

(1960) 

Non- 

rigorous  

No   Yes Any 

shape 

GLE/Morgenstern-

price method 

Morgenstern-

price method 

(1967) 

Rigorous  Yes  Yes  Any 

shape  

Spencer  Spencer 

(1967) 

Rigorous  Yes  Yes  Any 

shape  

Janbu’s simplified Janbu (1968) Non-

rigorous  

No  Yes  Any 

shape 

Modified Swedish  U.S. Army 

corps of 

Non- No  Yes Any 
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Engineers 

(1970) 

rigorous  shape  

Janbu’s corrected Janbu (1973) Rigorous  Yes  Yes  Any 

shape  

2.5.2. Finite element method (FEM) 

FEM is one powerful continuum numerical approach for slope ability assessment 

that requires no prior assumption in the determination of the slip surface and the 

subsequent factor of safety, compared to LEM. It is a reliable method, an elasto-plastic 

method widely applied in the geo-engineering field of research. This technique was first 

applied by hand-handled and time consuming traditional approaches that need lots of 

calculation by using calculators, tables, charts, which may lead to some miscalculations 

and errors with low accuracy and tedious tasks to execute in every circumstance. Later 

with the rapid expansion and advancement of computer aided-software, the method can 

be quickly and effectively used to solve complex geotechnical issues within a short 

period (Duncan, 1996b). It is economical and time-effective with iterative ability makes 

it the best possible and reliable solution to the various problems in slope engineering 

practices. Finite element shear-strength reduction approach (FE-SSR) is one of the most 

widely used FEM in a variety of geoengineering projects. In shear strength reduction 

(SSR) technique, the shear strength parameters namely cohesion (c) and angle of 

internal friction (ϕ) of the slope forming materials are reduced to critical values 

                  as per Eq 2.7 and 2.8 until failure occurs. Then the critical strength 

reduction factor (SRF) is computed which is equivalent to the factor of safety (FoS) in 

LEM.  

      
 

   
               (Eq 2.7) 
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             (Eq 2.8) 

where c is the cohesion,   is the friction angle, and FoS is the safety factor. 

2.6.Optimization approach to slope stability 

Many slope stabilization measures and repair methods are reported in the literature. 

Some common stabilization methods and their implementation are reported in Table 

2.9. Water-rock/soil interaction has significant implications for slope stability. Figures 

2.7 and 2.8 illustrate some common slope stabilization measurements.  Slope flattering 

and re-grading minimise forces that cause failure (Figure 2.7a). Structural reinforcement 

adds direct supporting forces to slope material (Figure 2.7 b, c, and d). A surface cover 

prevents the slope from erosion (Figure 2.7 c, d). Managing groundwater and drainage 

augment the stability condition of the slope (Figure 2.8). A combination of two or more 

methods provides a better and more effective slope stabilization solution and prevents it 

from failure (Saftner et al., 2017).  

The choice of the stabilization technique is very essential and should be carefully 

chosen based on the geological conditions of the site; the slope stability condition, and 

the type of slope failure. The sustainability and cost-effectiveness of a stabilization 

method depend on the availability of local and on-site materials.  

Table 2. 9 Some common slope stabilization and remediation measures (Lin et al., 

2020; Yudha & Adhyati, 2013) 

Methods   Description 

Modification  

of slope 

geometry 

 Unloading area driving the 

landslide (with possible 

substitution by lightweight 

fill) 

 Reducing overall slope 

Excavation at slope crown and de-grading the 

slope angle reduce the gravitational force and 

thwart early failure 
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angle 

 Benching 

Drainage of 

water  

Surface drainage Water has a deleterious influence on soil ability 

to withstand failure. Drainage system controls 

surface runoff and subsurface runoff and 

decreases the amount of water in the slope 

materials. 

Subsurface/seepage drainage 

 Horizontal drains 

 Drainage galleries 

 Drain wells/trenches 

Reinforcement  Anchors   

 Bolts  Reinforcement is installed horizontally or sub 

horizontally to improve the shearing resistance 

of the soil by acting in tension 

 Dowels   

 Piles  

 Retaining walls 

 Gabion meshes 

 Stone wall 

 Reinforced concrete 

 Geosynthetic wall 

 Sheet piling 

Retaining wall is designed to withstand lateral 

pressure of soil or hold back soil materials. It 

prevents deformation caused by potential 

loosening of materials associated with the slope 

deformations and delays possible retrogression 

Surface cover   Vegetation Dense vegetation cover reduces surface runoff, 

inhibits sediment slide, and prevents collapse. 

Plant roots remove water from the soil and 

reinforce the soil shear resistance. With all 

conditions equal, a vegetated slope withstands 

failure than that without vegetation. 

 Buttresses Applying soil or rock mass against a slope face 

increase stabilizing force and decrease overall 

slope height 
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  Shotcreting 

 Coarse gravel   

 

Employing coarse aggregate/rip-rap or 

lightweight shotcrete on the slope surface 

prevent slope against erosion 

 

Figure 2. 7 Some stabilization works: benching-retaining walls (a, b); nailing and 

shotcreting (c); nailing and protecting wire nets (c, d).  

 

Figure 2. 8 Combination of surface and horizontal drains and buttress counterforts 

measures for slope stabilization (Arbanas & Arbanas, 2015). 

/ 

 

 

 

 

 

 

 

a) b) 

c) d) 
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CHAPTER THREE 

3.0. Assessment of stability of a Himalayan road cut slope with 

varying degrees of weathering: A finite-element-model-based 

approach
1
 

 

3.1. Introduction 

Landslides are a natural phenomenon that involves the displacement (falling, 

toppling, sliding, and flowing) of materials that form a slope. This is mainly caused by 

the influence of gravity in response to natural and anthropogenic activities and causes 

damage to the surface morphology and surrounding structure, as well as fatalities in the 

living community exposed along the slope. Fatalities and other disastrous effects 

induced by landslides have been reported in the literature (Froude & Petley, 2018; 

Nirupama, 2015; Pradhan et al., 2019; Skilodimou et al., 2018; Vishal et al., 2017). 

Landslides depend on several factors, such as geology, geomorphology, climate 

conditions, anthropogenic activities, and earthquakes (Dai et al., 2001; Ermias et al., 

2017; Raghuvanshi, 2019; Skilodimou et al., 2018; Summa et al., 2015; Tang et al., 

2017; Thiery et al., 2019). The stability of a slope is evaluated by comparing the shear 

strength (cohesion and friction angle) defined as the ratio of resisting forces (working 

load) to driving forces (collapse load). The slope is considered stable if the resisting 

force is greater than the driving force. The ratio of resisting forces to driving forces is 

known as the factor of safety (FoS) which characterises the stability of the slope ( 

Bishop, 1955; Bushira et al., 2018; Pradhan et al., 2014; Raghuvanshi, 2019; Renani & 

Martin, 2020). Theoretically, a slope with FoS less than one is unstable and vulnerable 

                                                           
1 This chapter has been published in Heliyon, “Assessment of stability of a Himalayan road cut slope with 

varying degrees of weathering : A fi nite-element-model-based approach, Heliyon. 6 (2020). 

https://doi.org/10.1016/j.heliyon.2020.e05297. 
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to failure, whereas a slope with FoS greater than one resists failure. A reduction in the 

shear strength augments the instability of a slope. Kaczmarek & Popielski (2019) 

studied the impact of some variables on slope equilibrium and found that the angle of 

internal friction is one of the most sensitive parameters for slope stability. There have 

been several attempts at understanding the factors affecting the shear strength 

parameters of a rock/soil material. Xiao-Song et al. (2018) characterised the shear 

strength parameters of a rock mass/soil and indicated that a greater quality rock mass 

provides higher shear strength parameters. The influence of the alteration of a rock mass 

on rock engineering parameters has been reported by Everall & Sanislav (2018). 

Similarly, Jesus et al. (2018) reported that the strength of a rock formation decreases as 

the degree of weathering and thickness of the residual-formed soil increases. Arvanitidis 

et al. (2019) investigated the relationship between the peak friction angle of the soil and 

the grain size distribution and observed that the effective peak friction angle increases 

as the coarse-to-fines ratio increases. Thongkhao et al. (2015) highlighted the influence 

of the slope gradient and weathering grade on landslide occurrence in northern 

Thailand. The results of their study show that the weathering grade impacts the 

engineering properties of the residual soil from the parent rock and significantly 

destabilised the equilibrium state of the slope. Many other studies have highlighted the 

reduction in the inherent shear strength of material constituting a slope (Azañón et al., 

2010; Hajdarwish et al., 2013; Kumar et al., 2017; Li, 2018; Pradhan & Siddique, 2020; 

Siddique & Pradhan, 2018; Yalcin, 2011; Yates et al., 2018).  

The Himalayan mountain chain is one of the most unique attractive geological 

features on the earth. Its rough topography is the product of a collision between the 

Indian Plate and the Eurasian plate. Ongoing tectonic activities make this area more 
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interesting for geological studies. Landslide events are one of the most common 

phenomena in this area, as in any mountainous area (Pradhan et al., 2018; Qing-zhao et 

al., 2019). In each monsoon, as well as during many seismic events, landslides are 

recorded along roads, hilly villages, and towns. Along National Highway 7 (NH-7), a 

number of landslides have been recorded in the recent past and are most often correlated 

with the disintegration of the rock mass and unplanned excavation of the road cut 

slopes.  

The portion from Shivpuri to Devprayag is one of the most vulnerable areas for 

landslides. Siddique & Pradhan (2018) studied the stability analysis of road cut debris 

slopes along the former National Highway 58 (NH-58), currently renamed NH-7. They 

compared the stability of many slopes located in different sites with different geological 

features, using two different modelling techniques, namely, the limit equilibrium (LE) 

method and the strength reduction factor (SRF) method based on the finite element 

method (FEM). The findings of their research were in line with other research studies 

(Digvijay et al., 2017; Griffiths & Lane, 1999), revealing that FEM–SRF is capable of 

simulating a slope more accurately and automatically provides the FoS for the critical 

slip surface without any assumptions. In the SRF method, the shear strength parameters 

(cohesion and friction angle) of the materials forming the slope are progressively 

reduced until the instability state of the slope is reached and the SRF is calculated, 

which is equivalent to the FoS (Bushira et al., 2018; Siddique & Pradhan, 2018; Tsige et 

al., 2020; Yang et al., 2010; Zienkiewicz et al., 1977). In this work, a road cut slope 

near Shivpuri is demarcated, and FEM–SRF is used to evaluate the stability of the slope 

from different sections. Although the equilibrium condition of the road cut debris slopes 

is studied by Siddique & Pradhan (2018), the effect of the geometry and geological 
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features of the slopes are combined, and the specific effect of these parameters cannot 

be easily distinguishable. This study aims to evaluate the effective influence of the slope 

geometry and weathering conditions of the individual specific rock cut slope at different 

sections, rather than adopting indirect correlations between slopes in different locations 

and with different geological properties. 

3.2. Study area  

The study area is located in the Lesser Himalayan (Figure 3.1), along NH-7, 

formerly named NH-58. It’s worth mentioning that the Lesser Himalayan is a 

subdivision of the Himalayan orogeny which is a young mountain chain formed from 

the collision between Indian and Tibetan lithospheric plates 50Ma ago and continues 

today. From South to North the Himalayan chain is subdivided into five main structural 

units (Gansser, 1981). 

 Sub-Himalaya comprises mainly of the Siwalik molasses of Middle Miocene to 

Middle Pleistocene and structurally bounded by the discontinuous Main Frontal 

Thrust (MFT) at the north Indian plain in the south and the Main Boundary 

Thrust (MBT) in the north.  

 Lesser Himalaya or Lower Himalaya limited to the south from the sub Himalaya 

by the Main Boundary Thrust (MBT) and to the north by the Main Central 

Thrust (MCT) and comprised of highly folded sedimentary rocks and scarce 

outcrops of older crystalline rocks. 

 High Himalaya or Great Himalaya predominantly made of crystalline thrust 

sheets along the Main Central Thrust (MCT) on top of the Lesser Himalaya. The 

lithology is composed of metamorphic rocks and granite of Protorozoic to 

Cambien with some leucogranite of Miocene in upper parts. 
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 Tethys Himalaya or Tibetan Himalaya following as a sedimentary pile of 

Cambrien to lower Eocene along with fossiliferous materials. 

 Indus-Tsangpo suture zone representing the collision between India plate and 

the complex Tibetan mass. 

The study area belongs to a section of road cut slope along the National Highway-7 

(NH-7), Uttarakhand, a state in northern India crossed by the Himalayas (Figure 3.2), 

which provides communication to Indian’s capital territory. The road is quasi-parallel to 

the Ganga River in the Garhwal syncline of the outer Lesser Himalayan region (Figure 

3.2). Metasedimentary formations are encountered in the Lesser Himalayan (Le Fort, 

1975; Pradhan & Siddique, 2020; Valdiya, 1980, 1983). Outcrops of carbonaceous rock 

bearing limestone, with defined levels of sandstone, quartzite, shale, and phyllitic 

formations have been reported and identified during the field investigation. These rocks, 

moderately to completely weathered, lead to the formation of the debris overlying 

slopes. The thickness of this debris above the bedrock ranges from 1 to 10 m. 

3.3. Methodology 

3.3.1. Field visit and slope section identification  

A detailed field investigation was carried out to measure the geometry of the slope 

(height and length) and the orientations of structural features (dip and dip direction). A 

brief description of the lithology and geological features of the study area has been 

provided. The weathering grade of the slope was assessed based on the visual 

description, rock discolouration processes, hand scraping on rock masses and hammer, 

sound of the rock under the impact of a geological hammer, and Schmidt hammer tests 

(Biondino et al., 2020; Ietto et al., 2018; Jun-Yao et al., 2020; Moses et al., 2014).  
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Figure 3. 1. Geological map of the Lesser Himalaya along with the study area 

 

The determination of the degree of weathering was based on the main weathering 

classification system, which classifies and characterises the weathering horizon into six 

classes from fresh/unweathered bedrock (grade I) to residual and colluvial soil (grade 

VI), as described in Table 3.1. Two different slope profile sections (A) and (B) of the 

same slope have been investigated following the bypass of the road (Figure 3.3). A 

significant variation in the weathering grade on the slope faces was identified during 

field investigation. The slope profile Section (A) was covered by a cap of debris, 

indicating the prominence of weathering at this portion, as compared with section (B). 

Two representative debris samples were collected based on a visual description of the 

material overlying the slope at section (A) and loose material from the toe region of the 

slope, labelled L1S1 and L1S2, respectively. 
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Figure 3. 2. Location of the investigated road cut slope on geological map of the study 

area (Valdiya, 1980; modified by Siddique and Pradhan, 2018). 
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Figure 3. 3. General overviews of the investigated slope. 

 

3.3.2. Determination of geotechnical parameters 

Important geotechnical properties of the representative samples were assessed by 

laboratory experiments in the Department of Earth Sciences, and Civil Engineering at 

the Indian Institute of Technology Roorkee (IIT Roorkee) as well as in the Geotechnical 

Engineering laboratory at CSIR-CBRI, Roorkee. Laboratory characterisation included 

sieve analysis (grain size distribution) of the debris samples following the relevant 

standard (ASTM D421−85, 2007). The soil fraction passing through sieve number #40 

(0.425 mm) was used to evaluate Atterberg limits (liquid limit, plastic limit) and the 

resultant plasticity index (Figure 3.4 a, b, and c). The density analysis test was 

performed to estimate the unit weight of the rock mass and debris materials (ASTM 

D1556/D1556M, 2011), and Young’s modulus of the rock mass was evaluated based on 

the Schmidt hammer hardness test, following the suggested method of Aydin (2015). 
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Table 3. 1 Weathering grades of rock and rock masses (Biondino et al., 2020; Hearn, 2011; Mohamad et al., 2008) 

 

DESCRIPTION GRADE ROCK MATERIAL ROCK MASS 

Colour Texture Slaking Structure Iron- 

rich 

layer 

Strength 

(Schmidt 

hammer) 

In water By hand Condition Changes 

Sound rock (SR) I No changes Unchanged Remains as 

mass 

Edges 

unbroken 

100% 

intact 

No changes None Exceed 

25 
Slightly 

weathered rock 

(SW) 

II Discolouratio

n along 

discontinuity May exist 

Moderately 

weathered rock 

(MW) 

III Slightly 

discoloured 

Edges can be 

broken 

Iron-rich 

filling 

discontinuity 

Less than 

25 

Highly 

weathered rock 

(HW) 

IV 

 

Completely 

discoloured 

Becomes 

flakes or small 

pieces 

Becomes 

flakes or 

small pieces 

> 50–75% 

remains 
None 

Completely 

weathered rock 

(CW) 

V 

 

Completely 

changed 

Half 

remains 

unchanged 

Disintegrated Disintegrated < 25% 

remains 

Completely 

changed 

Normally 

exist 

Residual and 

colluvial soil (S) 

VI Completely 

changed 

Destroyed 100% 

destroyed 

None 
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Figure 3. 4. Debris geotechnical properties; (a) debris L1S1 with Atterberg limits test 

apparatus, (b) debris L1S2, (c) Atterberg limits testing, (d) direct shear strength testing 

The Schmidt hardness test is an ideal, non-destructive, and in-situ technique, which 

is often employed in many rock mechanics and rock engineering practices. It is the most 

widely used method to determine several properties, such as the modulus of elasticity 

(E) of the geological materials. In the examination, 20 readings of (L-type) Schmidt 

hammer rebound were randomly recorded, and the average value of 42.5 was obtained 

and used to determine Young’s modulus (Table 3.3) based on the empirical relationship 

developed by Yagiz (2009) on similar lithology with a very good coefficient of 

determination (R = 0.92) (Eq 3.1)   

E (GPa) = 0.0987 Hr
(1.5545)

                  (Eq 3.1)  
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Where, E is the Young modulus and Hr is the rebound hardness value.  

 Brazilian test method was used to determine the indirect tensile strength (Ts) of the 

rockmass (Eq 3.2) as per the guideline suggested by (ASTM D2936, 2008; ISRM, 

1978). 

         
  

   
                           (Eq 3.2) 

where, P represents the load at failure, D is the diameter of the test specimen (mm), and 

t is the thickness of the test specimen measured at the center (mm).  

 The shear strength parameters of the rock mass and the Poisson ratio ( ) of the 

slope materials were obtained from relevant literature on Himalayan rock formation 

(Pradhan & Siddique, 2020; Siddique & Pradhan, 2018) assuring the  –ν inequality (Eq 

3.3) highlighted by Zheng et al. (2005) for any geological formation in which the shear 

strength is expressed in terms of cohesion (C) and angle of internal friction     (Mohr–

Coulomb’s failure criterion). The  –ν inequality prevents the underestimation of the 

result and FoS during computation (Zheng et al., 2005). 

                                  (Eq 3.3) 

where   is friction angle and   represents the Poisson ratio. 

In this study, the slope material is assumed to act as a Coulomb material, and the 

shear strength parameters, namely, cohesion (C) and angle of internal friction   , were 

determined from undrained direct shear testing on the specimens (Figure 3.3 a, b and d) 

following ASTM standard (ASTM D6528, 2017). The test was conducted under four 

different normal loads of 0.25 kg/cm
2
, 0.5 kg/cm

2
, 0.75 kg/cm

2
,
 
and 1 kg/cm

2 
and the 

applied normal stresses ranged from 24.51 kN/m
2
, to 98.06 kPa with a shearing rate of 
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0.01. The dial gauge reading and shear displacement were recorded for each normal 

load applied. Then, the shear stress at failure was determined and plotted against the 

normal stress for each test (Figure 3.5). Using the generated graph, the cohesion (C) and 

the angle of internal friction ( ) of the debris was calculated based on the Coulomb 

failure criterion (Eq 3.4)  

                                 (Eq 3.4) 

where    is the ultimate shear stress at failure;   is the apparent cohesion of the soil 

sample;    is the normal stress at failure plane, and   is the angle of internal friction. 

 

 

 

 

 

 

 

Figure 3. 5. Determination of the shear strength parameters of the debris using the 

results of direct shear tests. 

3.3.3. Slope stability analysis by finite element modelling 

A finite-element-based numerical simulator in the Phase2 software program was 

used to generate the critical shear SRF, which is equivalent to the FoS. A mesh pattern 
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of six node triangle elements was used during numerical simulation to determine the 

maximum shear strength at each node.  

3.4. Results and discussion 

The result of the sieve analysis is presented in Figure 3.6. The gradation parameters 

of the soil, namely, the uniformity coefficient (Cu) and the coefficient of curvature (Cc), 

are tabulated and reported in Table 3.2. For both samples, the fraction of fines is less 

than 5%, the uniformity coefficient (Cu) > 6, and the coefficient of curvature lies 

between 1 < (Cc) < 3, classifying both debris samples as SW, i.e., well-graded sands, 

gravelly sands, with little or no fines (Selig & Howard, 1984). 

 

Figure 3. 6. Particle-size distribution curve of the debris materials. 

 

Table 3. 2 soil gradation parameters and Atterberg limits 

Samples 

 

Gradation parameters Atterberg limits 

Cu Cc D50 Liquid limit Plastic limit Plasticity index 

L1S1 26.2 1.2 6.39 25.1% 21.49% 3.61 
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L1S2 10.70 1.4 3.51 23.60% 21.79% 1.81 

Cu, uniformity coefficient; Cc, coefficient of curvature; D50, mean particle size 

 

The liquid limit (LL) and plasticity index (PI) of the samples were found to be 

25.10% and 3.61% for sample (L1S1) and 23.60% and 1.81% for sample (L1S2), 

respectively; from the Casagrande plasticity chart presented in Figure 3.7, both debris is 

graded silt of low plasticity (ML). As can be seen in Table 3.2, the gradation parameters 

of the residual debris soil L1S1 overlying the slope surface at section (A) are slightly 

greater than the loose, relatively fine material from the surface of the rock mass sampled 

at the lower portion of the slope. This is in agreement with the result reported by 

Getahun et al. (2019), indicating that soil with smaller grain size provides the lowest 

grading coefficient and friction angle. Table 3.3 presents the parameters used to perform 

the stability analysis of the slope from both sides (sections A and B. The direct shear 

test showed a higher friction angle for both samples (38°–35°) with relatively similar 

cohesion). As shown in Tables 3.2 and 3.3, a linear relationship between the soil 

gradation parameters and strength parameters (friction angle) can be highlighted. The 

debris L1S1, with a relatively higher plasticity index and soil gradation parameters, 

exhibited a greater friction angle than debris L1S2 at the surface of the bedrock. 

Aligned with the result of the study conducted by Igwe et al. (2007), the friction angle 

of the soil increases with an increase in its physical properties, e.g., the uniformity 

coefficient (Cu), and mean particle size (D50), and unit weight.  

A general overview of the studied slope is presented in Figure 3.3. The slope height 

was found to be 28 m with a slope angle ranging from 37° to 55° at section (A) (Figure 

3.8) and 50° to 75° at section (B) (Figure 3.9). 
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Figure 3. 7. Plot of the debris samples in the Casagrande plasticity chart. 

 

Table 3. 3 Input parameters used for modelling 

 Cohesion 

(MPa) 

Friction 

angle 

(degree) 

Unit 

weight 

(MN/m
3
) 

Tensile 

strength 

(MPa) 

Young 

modulus 

(GPa) 

Poisson 

ratio 

Debris soil parameters 

L1S1 0.0189 38 0.0203 0 20 0. 

L1S2 0.01831 35 0.0171 0 20 0.3 

Rock mass parameters 

Limestone 0.178 32.52 0.0255 3.22 33.547 0.385 

 

The slope profile in section (A) is completely weathered (grade V) along with a cap 

of weathered materials (L1S1) overlying the slope surface (Figures 3.8) and the slope 

profile in section (B) belong to a moderately (grade III) to highly (grade IV) weathered 

rock mass characterised by the absence of debris on the slope surface (Figure 3.9).  
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Figure 3. 8. Slope profile section (A) showing the overall angle and weathering grade. 

 

Figure 3. 9. Slope profile section (B) showing the overall angle and weathering grade. 
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The numerical models of the slope at both sections A and B are presented in Figures 

3.10 and 3.11 respectively. The presence of weathering materials overlying the slope at 

section (A) (Figure 3.9) is an indicator of instability problems. The shear strain 

dispersion within the simulated slope at section (A) and section (B) can be observed in 

Figures 3.12 and 3.13 respectively.  

 

Figure 3. 10. Geometry of the simulated slope along with the debris at section A 

 

Figure 3. 11. Geometry of the simulated slope along with the debris at section B 
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Figure 3. 12. Shear strain dispersion showing circular failure pattern at section A. 

 

 

Figure 3. 13. Shear strain dispersion at section B. 

 

The maximum shear strain contour in section (A) (Figure 3.12) clearly revealed the 

region of the slope where the sliding may occur. Such a slip surface observed at section 

(A), highlighted with a red dashed line, seems to be the consequence of the debris 

materials overlying the slope, as the shear strain is concentrated along with the interface 

between the rock mass and debris, representing the least resistant surface. It has been 

reported that weathering is one of the factors that lead to the reduction in the inherent 

shear strength of the rock mass, which represents the maximum shear stress that the 

geological formation can withstand under slope (Biondino et al., 2020; Conforti & 

Buttafuoco, 2017; Tran et al., 2019). Therefore, the presence of weathered materials 
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above the slope profile section (A) indicates that there has been an alteration in the 

strength parameters of the slope material, such that failure is more likely in section (A). 

The critical SRFs of both sections (A) and (B) were found to be 1.25 and 2.53, 

respectively. As can be seen, the SRF was reduced by approximately 50%. Presumably, 

the higher SRF observed in section (B) is due to the fact that this section does not 

exhibit significant debris material on the slope surface (Figure 3.9). This result is in 

agreement with the case study conducted by Seyed-Kolbadi et al. (2019), which 

concluded that the FoS of a non-homogeneous slope covered by a weak layer is less 

than that of the homogenous one. The weak material on the slope surface at section (A) 

may be due to its geometry along with a lower overall slope angle unfavourable to 

surface drainage, which favours its degradation by mineral dissolution. Another factor 

may be the formation of secondary minerals that tend to alter the inherent shear strength 

of the slope-forming material (Che et al., 2012; Regmi et al., 2014; Tran et al., 2019), 

weakening its critical SRF. An SRF of 1.25 at the slope profile section (A) indicates that 

the slope is marginally stable and may fall under the influence of triggering events, such 

as heavy rainfall or long-lasting rainfall and seismic activity. For example, weathered 

products may reduce the down-water infiltration and retain the fluid, which increases 

the shear stress through the increase in the pore-water pressure, thereby resulting in 

slope instability (Nguyen et al., 2020). Migoń (2013) studied the weathering and 

hillslope development and highlighted that the steep slope surface that sheds water may 

be more resistant to weathering and failure, as the weathering processes are enhanced 

by the availability of water, which is detrimental to the shear strength reduction of the 

geomaterial (Pei et al., 2020). Furthermore, Ietto et al. (2018) reported a strong 

correlation between the degree of weathering and the slope gradient and indicated that 

gentle slopes are more vulnerable to weathering. This is in agreement with the slope 
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profile section (B) (Figure 3.9), where the greater overall slope angle enhances the 

surface runoff (Pei et al., 2020) and may have contributed to the reduction in the 

alterability of the rock mass/strength factor, making it more stable than that in section 

(A) (Figure 3.8). The simulated total displacement obtained at section (A) (Figure 3.14) 

is 4.73 cm, which is approximatively a factor of 10 higher than that obtained in section 

(B) (Figure 3.15), equal to 0.46 cm, which shows the extent of the probable zone of 

failure in section (A) as compared with that in section (B).  

 

Figure 3. 14. Contour of total displacement at section A. 

 

Figure 3. 15. Contour of total displacement at section B. 
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3.5. Conclusions 

 

Slope geometry plays a significant role in weathering processes.  In this study, two 

different slope profile sections of the same slope following the bypass of the road were 

investigated. The rebound hardness value and other weathering indices associated with 

the field investigation were used to classify the weathering grade of each section. 

Section (A), with a relatively low overall slope angle, was completely weathered with a 

cap of debris, indicating a higher weathering rate at this section compared to the 

relatively steeper slope profile in the moderately to highly weathered section (B). The 

result of the numerical simulation at each section of the slope is based on the finite-

element method in the Phase2 software, generating an SRF of 1.25 in section (A) and 

2.53 in section (B). The relatively low slope angle at section (A) enhances the 

weathering process, which is responsible for the alterability of the inherent shear 

strength of the slope-forming material, hence, promoting its instability. 
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CHAPTER FOUR 

4.0.Geotechnical and Geological Investigation of Slope Stability of a Section 

of Road Cut Debris-Slopes along NH-7, Uttarakhand, India
2
 

 

4.1.Introduction  

Slope stability assessment is essential for the safety and sustainable development of 

mining, civil, and environmental engineering projects worldwide. In hilly and 

mountainous areas like Himalayan terrains, natural slopes are subjected to excavation 

during road construction to facilitate communication and transportation of people, 

goods, and services. These engineered slopes undergo weathering, which alters the 

geotechnical properties of slope materials over time and contributes to the failure of 

many slopes that displayed better stability conditions after many years of excavation 

(Miščević & Vlastelica, 2014; Tran et al., 2019). The meta-sedimentary lithology and 

the dynamic nature of the Lesser Himalayan terrains coupled with the rugged 

topography, fault structure, along with heavy and long-lasting rainfall during monsoon 

seasons, make the rock-cut slope vulnerable to weathering and formation of thick 

deposit above the parent rock masses and frequent debris landslide throughout the year 

(Du et al., 2020; Siddique & Pradhan, 2018). Damage caused by landslides includes but 

is not limited to the threat of surrounding structure, fatalities in the living community 

exposed along the slopes, road blockage and communication loss for an extended period 

(Singh et al., 2020). It is essential to analyse the parameters responsible for slope 

instability and suggest some remedial measures to enhance its stability condition.  

                                                           
2 This chapter has been published in Results in Engineering, “Geotechnical and geological 

investigation of slope stability of a section of road cut debris-slopes along NH-7, Uttarakhand, India, 

Results Eng. J. 10 (2021). https://doi.org/10.1016/j.rineng.2021.100227.” 
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Generally, geology, geomorphology, climate, anthropogenic activities control the 

stability of a slope (Komadja et al., 2020). The stability condition is evaluated by 

comparing the shear strength (resisting force) of the slope materials to the shear stress 

(driven force). Theoretically, the slope is considered stable if the shear strength is 

greater than the shear stress. A reduction of the inherent shear strength (cohesion and 

friction angle) of slope material, augments the slope’s instability (Biondino et al., 2020; 

Komadja et al., 2020; Pei et al., 2020). Weathering is one of the factors contributing to 

the alterability of the shear strength parameters (Komadja et al., 2020). It has been 

reported that weathering contributes to the formation of fine-grained clay particles and 

reduces down-water infiltration. It also retains the fluid, which increases the shear stress 

through the increase in the pore-water pressure and the consequent reduction of 

effective stresses, thereby resulting in slope instability (Komadja et al., 2020; Nguyen et 

al., 2020; Prakasam et al., 2020). Fine particle size clay minerals in the soil increase 

with an increasing degree of weathering (Che et al., 2013; Summa et al., 2018).  

Mineralogical and geotechnical characterization of debris materials showed that the 

fine-grained particles formed from weathering processes diminish the engineering 

geotechnical parameters of slope materials and consequently weaken the slope stability 

(Getahun et al., 2019; Summa et al., 2018). Li et al. (2021) investigated the influence of 

particle size distribution on the mechanical behaviour of soil. They observed that well-

graded soil provides greater shear strength over poorly-graded soils with much clay 

content. A study conducted by Collettini et al. (2009) showed that a small amount (10-

30%) of fine-grained minerals bearing phyllosilicates such as smectite, facilitates 

frictional sliding of slope materials. Soto et al. (2017) and Schäbitz et al. (2018) 

attributed the landslide occurrence to the abundance of clay fraction in the mineral 

composition of the materials involved in the landslides. Neupane & Adhikari (2011) 
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reported that soils bearing illite clay favour landslides due to low shear strength and 

high swelling behaviour. A linear relationship between landslide occurrence and the 

proportion of hydrophilic minerals such as kaolinite, illite, and mixed-layers had been 

reported by Summa et al. (2018) and Anis et al. (2019). According to these authors, 

hydrophilic clay minerals develop a specific lubrication property due to their plate 

morphology and constitute a risk to slope stability. 

Several landslide studies on the stability of road cut slopes in the Lesser Himalaya 

along the National Highway-7 (NH-7) (formerly named NH-58, Uttarakhand), India, 

have been reported in the literature (Ansari et al., 2019; Kanungo et al., 2013; Pradhan 

& Siddique, 2020; Siddique & Pradhan, 2018; Siddique et al., 2015; Siddique, 2018). 

Most of the work focused on the stability of road cut rock slopes along the highway. 

Significantly, there is a knowledge gap on the effect of clay minerals on the stability 

conditions of the debris cut slopes along the NH-7. This study attempted to characterize 

the debris materials and investigate whether clay minerals (if any), influence the 

occurrence of debris-landslides along a section of road cut slope (NH-7), from 

Rishikesh to Kaudiyala. Additionally, a pre-failure slope stability assessment was 

carried out using limit equilibrium methods (LEMs). The results were compared with 

the finite-element-method-based strength reduction factor (FEM-SRF). Finally, possible 

remedial measures to increase the stability of the slope forming materials were 

proposed.  

4.2.Study Area 

The study area belongs to the Lesser Himalaya, Uttarakhand, India. Like any 

mountainous area, the geodynamic nature of the Himalayan regions makes the terrains 

prone to slope failure. Figure 4.1 presents the detailed localization report of the 

investigated slopes on the geological map of the study area. The lithology of the study 
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area is made up of metasedimentary formations. Generally, the most predominant 

lithology in the area includes limestone, sandstone, and a low-grade metamorphic rock 

(quartzite, phyllite, slate, and schist). The outcrop rocks varied from moderately to 

completely weathered rocks and eventually led to the formation of the debris overlying 

the slopes, which occasionally provokes landslides.  

The altitude of the study area ranges from about 300 to 1700 m above mean sea 

level and the mean annual precipitation reaches 1285 mm. Subtropical to temperate 

climate prevails in the study area and the lowest temperature of 5 to -7
o
C during winter. 

In the summer, temperatures rise may be in the range of 40 to 50
o
C. The geotechnical 

features and GPS coordinates of 8 road cut slopes from different locations are presented 

in Table 4.1.  

4.3.Materials and Methods 

The methodology consists of a detailed geological and geotechnical investigation. 

The first eight debris slopes along the NH-7, from Rishikesh to Kaudiyala, were 

demarcated and data concerning slope stability analysis were recorded. Besides, 

laboratory experiments were carried out to evaluate the strength parameters of the slope 

materials and the mineralogy of the clay fraction in the debris. The data obtained from 

field investigations and laboratory studies were used to evaluate the slope stability 

conditions based on the deterministic and probabilistic analysis. This study applied two 

rigorous limit equilibrium methods (LEMs) of Spencer (1967) and Morgenstern & Price 

(Morgenstern & Price, 1965) that satisfy all the equilibrium conditions in Rocscience 

Slide software. Besides, the finite element method (FEM) based strength reduction 

factor (SRF) was applied in the Rocscience Phase2 software to evaluate the reliability of 

the LEMs.  
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Figure 4. 1 Geological map of the study area along with the locations of the investigated 

slopes (Valdiya, 1980). 

Table 4.1 Investigated slope and the overall geometry 

Slope  Latitude Longitude Height (m) Dip direction Dip angle 

L1 30° 7'39.64"N 78°21'22.63"E 25 105° 55° 

L2 30° 7'33.32"N 78°21'32.76"E 21 310° 64° 

L3 30° 7'23.03"N 78°22'53.94"E 29 54° 80° 

L4 30° 7'24.34"N 78°23'11.23"E 25 95° 76° 

L5 30° 7'22.76"N 78°23'17.23"E 20 350° 78° 

L6 30° 6'08.83"N 78°26'07.87"E 20 90° 64° 

L7 30° 4'08.22"N 78°27'33.93"E 16 270° 67° 

L8 30° 4'06.76"N 78°27'41.13"E 16 350° 74° 
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4.3.1. Geological and geotechnical field survey 

Eight (8) debris slopes from Rishikesh to Kaudiyala, along NH-7 Highway, 

Uttarakhand were investigated (Figure 4.2). The rock mass of the slopes varies from 

highly to completely weathered grades overlain by debris materials. The weathering 

grade of the slopes, discolouration processes of rock, hand scraping on rock masses and 

hammer, the sound of the rock under the impact of the geological hammer, and Schmidt 

Hammer tests were fully considered and described using the visual description 

presented in Table 4.2. The slope materials were sampled for geotechnical 

characteristics associated with slope stability of selected road cuts. The excavation 

made during the road widening activities and the cross-sectional view of slopes 

provided an insight into the thickness of the materials above the bedrock, which were 

estimated from a few to 10 m, as reported by Ray et al. (2019) for the Himalayan 

region. 

  

L1  Slope height (m)   : 25 

Overall slope angle  : 55° 

Lithology (bedrock)         : Limestone 

 

Rainfall induced  

debris-movement 
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Figure 4. 2 Geometry of the studied slopes (L1-L8) showing sample (debris) locations 

(red mark) 

 

Figure 4.2 (continued) 

Figure 4.2 (continued) 

L2  Slope height (m)   : 21 

Overall slope angle  : 64° 

Lithology (bedrock)         : Limestone 

 

L3  Slope height (m)   : 29 

Overall slope angle  : 80° 

Lithology (bedrock)         : Limestone 
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Figure 4.2 (continued) 

Figure 4.2 (continued) 

L4  Slope height (m)   : 25 

Overall slope angle  : 76° 

Lithology (bedrock)         : Limestone 

 

L5  Slope height (m)   : 20 

Overall slope angle  : 78° 

Lithology (bedrock)         : Phyllite 
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Figure 4.2 (continued) 

Figure 4.2 (continued) 

L6  Slope height (m)   : 20 

Overall slope angle  : 64° 

Lithology (bedrock)         : Phyllite 

 

L7  Slope height (m)   : 16 

Overall slope angle  : 67° 

Lithology (bedrock)         : Phyllite 
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Figure 4.2 (continued) 

 

Table 4. 1 Weathering characteristic of the studied slopes (Biondino et al., 2020) 

Weathering class Weathering characteristics 

(V) 

Completely 

weathered rock 

 

The rock mass as shown in slopes L1, L2, L3, L4, and L5 is completely 

weathered with limited and isolated rock mass volumes composed of 

highly weathered rock or residual soil. Its material is fully discoloured; 

the original texture and microstructure of the fresh rock are present in 

relict form and possess soil-like behaviour. It contains some large rock 

pieces that are broken by hand or crumbled by finger pressure into 

constituent grains and slake in water. The geological pick indents the 

rock deeply; the knife edge easily carves the rock’s surface; gravel and 

sand fractions are prevalent in this class. 

(VI) 

Residual and 

Colluvial soil  

The slope profile mainly consists of colluvial (river-borne) soils (L6, L7, 

and L8).  

 

L8  
Slope height (m)   : 16 

Overall slope angle  : 74° 

Lithology (bedrock)         : Non identified 
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4.3.2. Bedrock mass strength characterization  

The strength behaviour of a rock mass is important for any engineering work. Many 

rock mass strength evaluation techniques have been developed in the literature and 

widely used to describe and quantify the geological engineering conditions of the rock 

mass (Bertuzzi, 2019; Ofoegbu & Smart, 2019). The General Hoek-Brown (GHB) 

failure criterion, which best characterises the joint rock mass in Himalayan terrain  

(Pradhan & Siddique, 2020) was adopted in this study. The following expressions (Eqs. 

4.1- 4.4) define the GHB failure criterion. 

             
  

   
   

 

                           (Eq 4.1) 

         
       

      
                         (Eq 4.2) 

      
       

    
                          (Eq 4.3) 

  
 

 
 

 

 
                                                            (Eq 4.4) 

where:   , is the major effective principal stress;   , is the minor effective principal 

stress;    , represents the uniaxial compressive strength of the intact rock material;   , 

  and   are the reduced rock mass material parameters;   represents the degree of 

disturbance to which the rock mass has been subjected to blasting and stress relaxation. 

Its value range from 0 for an undisturbed in-situ rock to 1 for disturbed rock masses and 

was estimated in the field following the guidelines defined by Hoek & Brown (Bewick 

et al., 2019);    represents the material constant which depends upon the type of rock 

and is estimated according to Marinos & Carter (2018). GSI is a geological strength 

index based on the visual inspection of the outcrop rock (Marinos et al., 2007). 

The geological strength index value and rock materials constant were used to 

determine the Poisson ratio of the rock mass (Vásárhelyi, 2009). In contrast, the rock 
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mass modulus       was estimated following the simplified Hoek & Diederichs (Hoek 

& Diederichs, 2006) criteria as expressed in Eq. (4.5).  

       
     

                      
                                                    (Eq 4.5) 

GSI is the geological strength index;    is the material constant; D is the 

disturbance factor, and     is the rock mass modulus. 

The uniaxial compressive strength (UCS) of the rock mass was evaluated based on 

Schmidt's rebound hardness values. The Schmidt hardness test is an ideal, non-

destructive, and in-situ technique, often employed in many rock mechanics and rock 

engineering practices. In the examination, twenty (20) readings of (L-type) Schmidt 

hammer rebound were randomly recorded. The mean values (Hr) of the readings were 

obtained and used to evaluate the UCS based on Eq. (4.6) as proposed by Yagiz (2009).  

                                                                                     (Eq 4.6) 

where, UCS is the uniaxial compressive strength; Hr is the average Schmidt Rebound 

hardness value. 

4.3.3. Debris-soil characterization  

The grain size distribution describes the engineering properties of debris materials. 

It classifies the soil type based on its influence on the stress-strain and strength of 

materials forming a slope (Inazumi et al., 2020; Li et al., 2021). The grain size 

distribution was determined using the dry sieving method in line with (ASTM 

D421−85, 2007). 

The liquid limit (LL) and plastic limit (PL) of the fine-grained soil were determined 

in line with the Atterberg limits of Casagrande falling cup methods (ASTM D4318, 

2005). The plasticity index (PI) is expressed as the difference between the liquid and 

plastic limits of the soils and reflects its consistency. The results were used to classify 
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the fine-grained fraction according to the unified soil classification system (ASTM 

D2487-17, 2017). 

Density test was performed according to standard procedures (ASTM 

D5030/D5030 M-13a, 2013). The soil’s unit weight (mean value) was calculated based 

on three sets of tests performed on both debris and bedrock mass. 

The Poisson ratio of the debris materials was obtained from relevant literature on 

Himalayan debris considering the elasto-plastic materials property satisfying Mohr’s 

Coulomb failure criterion (Zheng et al., 2005). 

The direct shear testing was conducted to evaluate the shear strength parameters 

[cohesion (C) and angle of internal friction (ϕ)] following the ASTM procedures 

(ASTM D3080/D3080M, 2011). As the debris-slide occurs mostly in the study area 

during monsoon season Arab & Mortazavi (2019), the test was conducted at the drained 

saturated condition which best mimics the worst soil condition (Prakasam et al., 2020). 

Thirty two (32) direct shear tests on the debris materials taken from the eight (8) cut 

slopes (Figure 4.2) were performed under four different normal stresses of 0.25 kg/cm
2
; 

0.5 kg/cm
2
; 0.75 kg/cm

2 
and 1 kg/cm

2
 at the shearing rate of 0.01. Such weights were 

used to calculate the soil’s effective stress and failure limit at the worst soil condition 

(lowest safety factor achieved under normal stress) (Prakasam et al., 2020). The shear 

stresses at failure were plotted against each normal stress of 24.52 kPa, 49.03 kPa, 73.55 

kPa, and 98.07 kPa. Using the graph generated, the cohesion and angle of internal 

friction of the materials were calculated based on the Coulomb failure criterion as 

expressed in Eq. (4.7)  

                                                                        (Eq 4.7) 

where,   is the ultimate shear stress at failure;   is the normal stress at failure plane and 

  is the angle of internal friction;   is the apparent cohesion of the soil sample.  
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The mineralogy of the fine fraction (<2 µm) was determined using Brucker D-8 

Advance X-Ray Diffractometer (XRD) to estimate the clay minerals composition (type 

and relative amount) of the soil debris (Stanislas et al., 2021). The clay fractions were 

treated with hydrogen peroxide (H2O2) and hydrochloric acid to remove organic matter 

and calcium carbonate. The treated clay mineral was isolated by gravity separation 

using Stocke’s Law and centrifuged with a spin speed of 3000 rpm in deionized water to 

remove free ions. The centrifuged samples were placed on a glass slide of 1cm and 

dried under atmospheric conditions before X-Ray Diffraction (XRD) analysis. The 

analysis was done within Bragg angles (2 ) from 0˚ to 40˚, using CuKα radiation, a 

voltage of 45 kV, and a beam current of 40 mA. The scanning was performed at the 

Institute Instrumentation Center (IIC) at the Indian Institute of Technology (IIT, 

Roorkee). The XRD peaks were matched with an ICDD PDF card and analyzed using 

HighScorePlus software.  

4.3.4.  Methods of slope stability assessment 

The slope stability assessment was performed using the limit equilibrium method 

(LEM) and the finite element method (FEM) based on the Rocscience Slide v6.0 and 

Phase2 v7.0 software. There are various LEMs for slope stability analysis classified into 

rigorous and non-rigorous methods. The rigorous methods that satisfy any shape slip 

surface and the complete equilibrium conditions, developed by Spencer (1967) and 

Morgenstern & Price (1965) appeared to be accurate (Duncan, 1996; Hong, 2012), and 

therefore, used in this study. The input parameters used during the computation were 

obtained from laboratory test results. The Mohr-Coulomb parameters were calculated 

from the direct shear strength test conducted using disturbed samples. The pebble-sized 

particles were manually removed to meet the shear box requirement (6 cm x 6 cm). This 
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process may introduce minor miscalculation of the representative shear strength 

parameters, thereby creating sources of uncertainty. Hence, both deterministic and 

probabilistic analyses were conducted to assess the stability of the slopes taking into 

account a wide range of data and uncertainty (Griffiths & Fenton, 2004; Shadabfar et 

al., 2020; Zoorabadi et al., 2016).  

In this study, the shear strength parameters, namely cohesion (C) and friction angle 

(ϕ) of the overburden along with unit weight (ᵞ) and uniaxial compressive strength 

(UCS) of the bedrocks were taken as random variables. Their actual values from 

laboratory experiments were kept as the mean values and other constants. The relative 

minimum and relative maximum values are equal to 3 times the standard deviation for a 

complete normal distribution (99.7% of data observed) (Rocscience Inc, 2010). A 

similar method was applied by Siddique & Pradhan (2018) to perform sensitivity 

analysis of Himalayan road cut debris slopes.  

The probability analysis was carried out on the global minimum slip surface located 

by regular (deterministic) slope stability analysis and factor of safety re-computed N 

times (N= 1000 number of samples) using a different set of randomly generated input 

variables for each analysis. Several trial slip surfaces have been analyzed, and the 

minimum FS (deterministic) along with the probability of failure (PF) were reported for 

each LEM.  

For the reliability of the analysis, several methods were recommended for ease of 

comparison (Duncan, 1996). Therefore, the finite element method (FEM) based strength 

reduction factor (SRF) was applied using the Rocscience Phase2 software to evaluate 

the reliability of the deterministic FS-based LEMs. FEM has been widely developed to 

solve geotechnical engineering problems related to slope stability and is more efficient 
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than other available methods used in various studies (Komadja et al., 2020; Pradhan & 

Siddique, 2020; Rajak et al., 2018). A mesh pattern of six node triangle elements, plane-

strain and 3000 mesh elements were used to discretize the slope models. The number of 

iterations and the tolerance level is 800 and 0.001 respectively. The boundary 

conditions were the same. The bottom of the rock mass was fully fixed in both 

horizontal and vertical directions, whereas the displacement along the lateral sides was 

constrained in the horizontal directions. The face and debris-rock mass interface was 

subjected to strain and displacement (free restraint). After setting up the model and 

incorporating the appropriate material properties, the critical SRF, equivalent to the 

deterministic factor of safety (FS) by LEMs, were computed.  

4.4.Results and Discussion 

4.4.1. Geotechnical Characteristics of Debris Materials 

 The grain size distribution of the soil profile shows predominantly coarse fractions. 

The grain distribution curves presented in Figure.4.3 show strong analogies in their 

grain size composition with a meagre fine-grained fraction of approximately 5%. The 

small amount of fine particles (0.075 mm) suggests either unfavourable conditions for 

their formation or their entrainment by runoff into streams.  

 The grading characteristics and the Atterberg limits (liquid limit, plasticity index) 

were used to classify the fine-grained fraction as presented in 4.3. According to the 

unified soil classification system (ASTM D2487-17, 2017), the debris was classified as 

well-graded sands, gravelly sands, with little or no fines, suggesting no significant 

influence of particle size distribution on the mechanical behaviour of the slope materials 

(Li et al., 2021). This agrees with the Atterberg limits which indicate little or no plastic 

behaviour of the soil debris as shown on the Casagrande plasticity chart (Figure 4.4).  
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Figure 4. 3 Grain size distribution curves 

 

 

Figure 4. 4 Atterberg limits of the samples in the Casagrande plasticity chart (ASTM 

D2487-17, 2017). 

Table 4. 2 Soil classification characteristics 
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 The direct shear test results of all samples are expressed in terms of the linear 

Mohr-Coulomb failure criterion (Figure 4.5). Based on the regression equations, the 

calculated friction angle and the cohesion of the debris range from 26.23
o 

to 38.44
o 

and 

19.4 to 31.5 kPa, respectively, and suggests a moderately durable soil strength capable 

of sliding under disturbed conditions (Igwe & Chukwu, 2019). 

4.4.2. Weathering and Mineral Composition 

 The physico-chemical weathering of the pre-existing rock mass is one factor that 

explains the failure of many slopes with better stability conditions after many years of 

excavation (Tran et al., 2019). The grain size distribution of the debris shows very low 

silt-clay-sized particles (Figure 4.3), indicating the low weathering degree of the slope 

materials (Che et al., 2013; Summa et al., 2018). This is consistent with XRD analysis 

results (Figure 4.6 and Table 4.4), which show no significant expandable clay mineral 

that could favour the slide of the material-forming the slopes in undisturbed conditions 

Soil graduation properties 

%fine <0.075 mm 

Cu 

Cc 

5.38 

17.95 

2.78 

5.28 

26.89 

2.45 

3.62 

22.52 

2.63 

5.82 

25.69 

2.90 

2.42 

6.84 

1.09 

2.84 

13.04 

1.37 

3.34 

12.37 

1.11 

2.99 

32.5 

0.09 

Atterberg limits 

LL 

PL 

19.89 

12.55 

23.24 

14.97 

20.63 

16.06 

- 

- 

26.18 

16.87 

22.24 

18.03 

19.84 

16.46 

- 

- 

PI 7.34 8.27 4.57 NP 9.31 4.21 3.38 NP 

Cu, uniformity coefficient; Cc, coefficient of curvature; LL, Liquid limit; PL, Plastic 

limit; PI, Plasticity index; NP, Non-plastic. 
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(Getahun et al., 2019). It is worth mentioning that swelling clay minerals are generally 

products of chemical weathering frequently observed in gentle terrain favouring the 

debris-landslides (Chegenizadeh et al., 2020; Komadja et al., 2020; Summa et al., 

2018). 

 The gradient of the studied slopes is relatively steeper (Table 4.1 and Figure 4.2). It 

may have never fulfilled the conditions for chemical weathering to advance beyond a 

certain threshold due to the surface drainage restricting the water-rock interaction 

(Komadja et al., 2020; Li et al., 2021). Talc, which belongs to smectite (expandable) 

clay group minerals, appeared at slope locations L4, L6, and L8 and may be interpreted 

as an allogenic mineral from surrounding lithology. Similarly, kaolinite is observed at 

slope locations, L2, L5, and L8 (Figure 4.6 and Table 4.4) in the form of detrital 

(allogenic) clay as the finer fraction of the debris materials have no clay activity (non-

plastic behaviour).  

 Although it is reported that swelling of clay minerals hinders the geotechnical 

properties and largely governs the stability of debris slopes, in this study, the absence of 

such clay minerals suggests that the failure of the debris is not clay minerals dependent. 

Non-swelling (detrital) clay particles interact with water. They may completely collapse 

the slope under heavy or long-lasting rainfall (Liu et al., 2017), which could give a 

possible explanation for the debris failure at slope locations L1 and L7 (Figure 4.2) over 

other forms of debris-slides caused by the activity of swelling clay minerals (Ahmad et 

al., 2018; Jradi et al., 2020; Shojaei, Kalantari, et al., 2020). Furthermore, the ground 

vibrations caused by the road traffic continuously hinder the stability of the debris to a 

reasonable extent and may eventually cause the slope to fail (Kundu et al., 2017). This 
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was encountered at slope location L6 (Figure 4.2), where the debris failed immediately 

after the passage of a heavy vehicle along the highway.  

 

Figure 4. 5 Direct shear test results 

 

4.4.3. Slope Stability Analysis  

4.4.3.1.Limit equilibrium method 

 The slope stability assessment based on limit equilibrium methods (LEMs) is 

presented in Figure 4.7. The input parameters and random variables used to generate the 

deterministic factor of safety as well as the probability of failure are summarized in 

Tables 4.5 and 4.6, respectively. In contrast, Table 4.7 presents the obtained factor of 

safety of the two limit equilibrium methods (LEMs) alongside the probability of slope 

failure (PF). As shown in Figure 4.7, the slope’s failure surfaces are localized within the 

weathered overburden above the bedrock, indicating the influence of weathering on the 

overall stability of the slopes which can worsen over time with the intensity of the 

weathering (Komadja et al., 2020; Miščević & Vlastelica, 2014; Tran et al., 2019).  
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 The slices of the queried slip surfaces (Figure 4.7) showed potential shallow debris-

slide in the study area rather than deep-seated landslides, which may be due to the steep 

gradient of the slope. This is consistent with the results of (Zhang et al., 2021) and 

showed that a steep slope generally displays shallow failure, compared to a gentle slope 

with generally deep-seated landslides. The non-vegetation (grasses) on the slope surface 

(Figure 4.2) exposes the slope to weathering and surface erosion and may lead to local 

debris movement during the monsoon season. 

4.4.3.2. Finite-element-model-based approach   

 The results of the finite-element model are presented in Figure 4.8. The interface 

between the bedrock and the debris overburden experiences the maximum shear strain 

toward the slope toe. This could represent the least resistant zone which may favour the 

development of the sliding surface. Thus, excavation at the slope toe should be 

prohibited to prevent the early formation of a sliding surface (Siddique & Pradhan, 

2018).  
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Figure 4. 6 X-ray diffraction analysis of clay-sized particles in the slope debris at 

various locations. 
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Table 4. 3 Mineralogical compositions of the finer fraction of the debris materials 

Phase name (%) L1 L2 L3 L4 L5 L6 L7 L8 

Augite 0 0 2.3 5 0 0 0 5 

Chabazite 22.8 0 13.8 0 0 0 0 0 

Cebollite 0 0 0 0 0 0 0 16.9 

Dolomite 2.2 0 0 44.3 0 0 0 0 

Ferrierite 0 0 6.5 14.7 0 5.2 5.6 0 

Glauconite 38.5 19.2 54.9 0 20.8 0 49.3 6.8 

Gypsum 2.3 0 0 0 0 0 0 0 

Kalinite 0 28.4 0 0 16.5 21.7 11.4 10.2 

Kaolinite 0 2.9 0 0 9.4 0 0 4.6 

Lawsonite 0 0 0 0 0 0 9.6 0 

Muscovite 30.9 0 8.8 26.4 0 4.4 0 0 

Natrolite 0 8 0 0 0 1.7 0 0 

Orthochamosite 0 3.8 0 0 7.7 0 0 0 

Orthochrysotile 0 0 13.7 6.7 0 0 6.9 15.2 

Sanidine 0 37.7 0 0 38.5 56.6 8.7 18.8 

Sillimanite 3.3 0 0 0 7.2 0 3.8 0 

Talc 0 0 0 2.9 0 10.4 0 22.5 

Zeolite 0 0 0 0 0 0 4.7 0 
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Figure 4. 7 Deterministic factor of safety FS and probability of slopes failure (PF) based 

LEM 
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Table 4. 4 Input parameters for the numerical simulations 

 

Table 4. 5 Material statistics for probabilistic analysis 

 

Table 4. 6 The factor of safety (Deterministic) from LEMs and SRF by FEM 

 L1 L2 L3 L4 L5 L6 L7 L8 

Overburden - Mohr-Coulomb Criterion 

Unit weight ᵞ (kN/m
3
) 18.27 

± 1.45 

19.6 

± 1.13 

17.6 

± 0.53 

18 

± 1.28 

17.8 

± 1.17 

19.8 

± 0.64 

19.5 

± 1.02 

17.3 

± 0.63 

Cohesion C (kPa) 25.8 27 26.8 25.6 29.8 24.6 19.4 23.6 

Angle of Friction  ϕ (˚) 34.78 36.75 37.5 36.59 26.23 32.3 35.09 38.44 

Young Modulus (MPa) 100 100 100 100 100 100 100 100 

Poisson ratio 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

Bedrock - Generalized Hoek-Brown Criterion 

Mean Schmidt Rebound 

hardness value (Hr) 

35.5 

± 3.79 

30.5 

± 6.86 

35.5 

± 5.99 

36.25 

± 5.62 

32 

± 2.95 

31 

± 3.23 

31.4 

± 2.91 
- 

UCS (kPa) 23821 17040 23821 25049 18842 17621 18100 - 

GSI 30 30 35 35 30 30 25 - 

mi 13 13 13 13 10 13 13 - 

D 0.8 0.8 0.9 0.8 0.8 0.8 0.8 - 

Poisson ratio 0.36 0.36 0.35 0.35 0.37 0.36 0.375 - 

Unit weight (kN/m
3
) 

25.7 

± 0.7 

27 

± 0.62 

25 

± 0.54 

25.5 

± 0.58 

23 

± 0.36 

25 

± 0.29 

24.4 

± 0.66 

- 
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 The two LEMs’ results compared well with each other and the finite-element-

model-based approach (FEM), as shown in Figure 4.9. In line with other studies, the 

FEM yielded a minimum global safety factor (FS) compared to LEM and better 

evaluate the slopes’ stability condition (Bushira et al., 2018; Gupta et al., 2016; Pradhan 

et al., 2014, 2019; Pradhan & Siddique, 2020; Rajak et al., 2018; Siddique & Pradhan, 

2018). The critical strength reduction factor/safety factor based FEM ranges from 0.83 

(L3) to 1.25 (L7), indicating that the slopes are critical to marginally stable. The relative 

stable condition of the slopes in the field conditions (Figure 4.2) may be due to the low 

magnitude of the shear strain which prevents its propagation toward the higher stressed 

toe portion to initiate failure (Siddique & Pradhan, 2018) 

 The probabilistic slope stability analysis showed a good correlation with the 

deterministic slope stability analysis based on both LEMs and FEM-SRF (Figure 4.10). 

This indicates that the uncertainty level considered in Table 4.6 has no significant effect 

on the adequate stability conditions of the investigated slopes. 

 L1 L2 L3 L4 L5 L6 L7 L8 

Factor of safety from LEM 

Spencer 1.33 1.18 1.07 1.25 1.25 1.31 1.25 1.38 

GLE/Morgenstern–

Price 

1.334 1.186 0.931 1.257 1.248 1.326 1.248 1.361 

Critical SRF by FEM 

FEM-SRF 1.21 1.134 0.83 0.96 1.17 1.25 1.13 1.22 
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4.4.3.3.The Stability Condition of the Investigated Slopes  

 Several parameters influence the stability condition of a slope. In this study, it was 

established that the steep gradient of the slopes hindered the development of clay 

swelling clay minerals that could hamper slope stability. A potential relationship 

between slope geometry (slope height and overall slope angle) and its stability state is 

evidenced in this study. A gentle slope with low height experiences the slightest 

gravitational loading and better stability conditions than a steep slope (Siddique & 

Pradhan, 2018). The slope L3 displayed the least pre-failure condition along with an 

SRF of 0.83. The result obtained in the current study is consistent with its overall angle 

of 80
o
 alongside the greatest slope height equal to 29 m (Table 4.1). Similarly, the slope 

L4 (Figure 4.2) exhibited unstable pre-failure conditions with an SRF of 0.96 (Table 

4.7), suggesting that a higher overall slope angle induces failure even though the 

materials involved present relatively good geotechnical features. The slopes L1, L7, and 

L8 were marginally stable with the critical SRFs above 1.2. This is in agreement with 

their relatively low overall slope angle and height and complied well with other 

published studies, revealing that the geometry of a slope significantly influences its 

stability (Arab & Mortazavi, 2019; Bilaspur, 2020; Siddique & Pradhan, 2018). Heavy 

and long-lasting rainfall is also reported as the factor controlling the debris-landslide in 

the study area (Dikshit et al., 2020). 

4.5.Slope Stabilization Measures  

The study shows the instability of the investigated slope is not clay mineral 

dependent. The overall slope angle and height are the important parameters controlling 

the stability conditions of the studied slopes. Considering these factors, possible 

remedial measures to reduce their instability were suggested. As the shear strain is 
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concentrated at the bottom part of the slopes, excavation from the toe portion should be 

avoided. The crown portion of the slopes may be excavated to reduce the gravitational 

load effects over the slope and reduce the shear stress (driving force) which largely 

controls the slope stability (Mohamed & Bayram, 2020; Siddique & Pradhan, 2018). 

Another cost-effective way of strengthening the stability conditions of the slopes may 

be the installation of retaining and gabion walls with proper drainage along the lower 

parts of the slopes to prevent early initiation of slip surfaces that could favour the slope 

failure (Pradhan & Siddique, 2020; Shariati et al., 2020; Siddique & Pradhan, 2018). 

Shotcreting mitigation measures can also be applied on the slope surface to reduce the 

probability of debris failure along the slope (Ogundipe et al., 2021; Rajaei et al., 2021; 

Tiwari & Latha, 2020). 

The absence of the vegetation on the slope surface exposes the debris to erosion and 

mass movement and contributes to debris movement during monsoon and rainfall 

season (Dikshit et al., 2020; Prakasam et al., 2020). Soil reinforcement with grasses and 

plant roots is another stabilization measure that can be used to improve shallow debris 

slide along the highway (Bilaspur, 2020; Suhatril et al., 2019; Tsige et al., 2020). The 

slope surface could be mulched and subjected to grass seeding to favour vegetation 

development on the slope surface (Shojaei et al., 2019; Ardakani, et al., 2020). 
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Figure 4. 8 Shear strain contour and critical strength reduction factors (SRFs) by 

finite element modelling of the studied slopes.  
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Figure 4. 9 Comparison between Factor of Safety from LEMs and FEM 

 

 

 

Figure 4. 10 Relationship between probabilistic (PF) and deterministic (SRF) slope 

analysis. 
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4.6.Conclusion  

This study evaluated the geotechnical and geological investigation of stability 

conditions of eight (8) road cut debris-slopes along NH-7, Uttarakhand, India. The 

stability conditions were assessed based on the deterministic and probabilistic limit 

equilibrium slope stability approach. The reliability of the analysis was compared with 

the finite-element method based-strength reduction factor. The engineering geotechnical 

properties along with the mineral composition of the fine fraction of the slope materials 

(debris) revealed no significant effect of clay minerals that could disintegrate the 

stability condition of the slopes. The relatively steeper gradient of the studied slope 

seems to influence the development of secondary clay minerals detrimental to slope 

failure. The deterministic and probabilistic LEM correlated well with the finite element 

method based strength reduction factor (FEM-SRF) and showed that the overall slope 

angle and height are the two major factors governing the stability of the investigated 

slopes. Based on FEM-SRF, the studied slopes are critical to marginally stable as the 

SRF ranged from 0.83 to 1.25. The slope L3 and L4 showed the lowest SRF of 0.83 and 

0.96, respectively. Their relative stable state under the field condition may be attributed 

to the low magnitude of the shear strain along the slopes, preventing slip surfaces 

initiation that could lead to slope failure. The slope’s critical pre-failure state may lead 

to shallow debris-slides under triggering events such as intense and/or prolonged 

rainfall and ground vibration from heavy vehicles, thunder, and earthquake. Therefore, 

further work is required for a better understanding of the factors associated with the 

occurrence of debris slides in the study area.  
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CHAPTER FIVE 

5.0.Empirical Estimation of Uniaxial Compressive Strength of Rock Using 

Measurement from Nano-Indentation Experiments.
3
 

5.1.Introduction  

The unconfined compressive strength (UCS) is one of the important strength index 

parameter widely used for the safe and proper design of many engineering systems and 

structures, such as slope stability analysis, engineering rock blasting, and many rock 

engineering projects (Haftani et al., 2014; Özkan et al., 2015). The unavailability and 

high cost involved in obtaining the standard core specimens (ASTM D, 1995; Aydin, 

2015) and the substantial amount of time for the sample preparations motivated 

researchers to develop indirect methods to evaluate UCS from other rock properties that 

can be obtained from simple and reliable indirect methods. These methods require little 

or no sample preparation and include but not limited to the use of Schmidt hammer 

rebound values (Aladejare, 2020; Wang & Wan, 2019; Yagiz, 2009), sonic wave 

velocities (Aladejare, 2020; Karakul & Ulusay, 2013), and point load strength 

(Aladejare, 2020; Tandon & Gupta, 2015). Moreover, estimation of UCS of rock from 

macro-scale indentation methods has been implemented with reasonable attainment 

(Kalyan et al., 2015).  

The indentation technique consists of applying a controlled load/penetration depth to 

an indenter into the surface of the materials to be tested. Unlike standard test procedure 

based on macro-scale indentation, nano-scale indentation technology can estimate the 

                                                           
3 Part of this chapter has been submitted on 13

th
 February 2021 and under review in Cogent engineering 

(Submission ID : 217507052)   
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mechanical properties of both bulk and individual mineral phases and better represent 

the intrinsic properties of the materials (Fan et al., 2019; Sun et al., 2020). Ban et al. 

(2013), Zhu et al. (2007), and Viktorov et al. (2015) showed the importance of the 

nanoindentation test method in the estimation of mechanical properties of rocks. Broz et 

al. (2006) and Whitney et al. (2007) obtained the nano-scale hardness, and elastic 

modulus of different minerals by applying nanoindentation tests. Zhu et al. (2007) 

acquired the nano-scale mechanical properties of individual mineral phases within 

quartzite and granodiorite rock. Liu et al. (2016) and Fan et al. (2019) highlighted the 

advantages of nano-indentation tests in estimating the mechanical properties of shale 

rock. The effect of organic matter on the creep behaviour of geomaterials was 

investigated using nanoindentation technique (Liu et al., 2018; Slim et al., 2019; Sun, 

Li, Gomah, et al., 2020). The hardness of shale, mudstone, and coal was successfully 

evaluated and mapped from nanoindentation techniques (Sun et al. (2020). Lu et al. 

(2020) examined the influence of individual mineral phases on the softening behaviour 

of shale through instrumented indentation test. Based on the aforementioned studies, 

there is evidence that nanoindentation technique could be effectively used to 

characterize the intrinsinc mechanical properties of rocks, which is very important for 

describing and quantifying the engineering geological conditions of rock mass (Ván & 

Vásárhelyi, 2014).  

Although there is evidence that significant correlation can arise in predicting the 

strength of rock using nanoindentation measurements, there are few or no studies 

focusing on evaluating the relationship between the mechanical properties measured 

from instrumented nanoindentation with that of macroscopic mechanical properties of 

geomaterials using conventional uniaxial compressive strength (UCS). In this study, an 

innovative and advanced indentation technique was applied at nano-scale to measure the 
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mechanical properties such hardness (Hi) and elastic modulus (Ei) of both bulk and 

individual mineral phase of granite, limestone, and dolomitic marble, widely used as 

natural building and construction materials (Mustafa et al., 2016). The nanoindentation 

Hi and elastic modulus Ei of the materials were calculated based on Olivier and Pharr 

approach (Oliver, 2004; Oliver et al., 1992) and the individual mineral phase properties 

comprising the bulk materials were assessed using statistical deconvolution method 

(Constantinides et al., 2006). The relationship between macroscopic uniaxial 

compressive strength (UCS) of the rocks and Hi and Ei was investigated and related to 

their major phase mineral. Finally, empirical equations in predicting the UCS of the 

rocks from nanoindentation hardness (Hi) and elastic modulus (Ei) were suggested.  

5.2.Materials and methods 

5.2.1. Materials collection  

Three different rock materials from the National Geosciences Research Laboratories 

(NGRL), Kaduna under Nigerian Geological Survey Agency (NGSA), were 

investigated. These rocks include granite, limestone, and dolomitic marble, which are 

the most abundant quarried natural stone widely used as aggregate in cement-based 

composite and cement production across the country. Each drilled core was cut to 

provide at least five core specimens (free of visible weakness planes) with a length-

diameter ratio of 2 - 2.5 for physico-mechanical tests including compression test (Figure 

5.1). Besides, small pieces perpendicular to the core axes were taken from each core 

specimen to prepare samples for nanoindentation test as well as microscopic thin 

sections for textural analysis. 
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5.2.2.  Determination of physico-mechanical properties of the rocks 

The physical indices tests such as density and porosity tests were performed on each 

core specimen, following the ISRM suggested methods (ISRM, 1981). For the rock 

strength evaluation, the cross-sections of the core samples were polished to ensure that 

their surfaces are smooth and subjected to uniaxial compression using universal testing 

loading machine with a capacity of 2000 kN at a loading rate of 0.1 kN/m/min. The 

experiment was conducted at Nigerian Building and Road Research Institute (NBRRI).  

 

Figure 5. 1 (a) Core samples before compression test (b) Uniaxial compressive strength 

test. 

5.2.3.  Mineral composition  

The mineral composition of materials (type and amount) may influence the rock 

strength. To determine the bulk mineral composition of the rocks and evaluate their 

resistance to elasto-plastic deformation, the broken pieces from representative core 

samples of each rock type were ground into powder for X-ray diffraction (XRD) 

analysis. The analysis was done within Bragg angles (2 ) from 0˚ to 80˚, using CuKα 

radiation, a voltage of 45 kv, and a beam current of 40 mA. The scanning was 

performed at National Geosciences Research Laboratories (NGRL) in Kaduna, Nigeria. 

The XRD peaks were matched with an ICDD PDF card and analyzed using 
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HighScorePlus software. Furthermore, petrographical and mineralogical analyses were 

conducted by examining representative thin sections from each rock under an optical 

microscope.  

5.2.4. Grid nanoindentation test 

Nanoindentation is a depth-sensing technique to assess the mechanical properties of 

heterogeneous materials at a nano-scale (Constantinides et al., 2006; Liu et al., 2018). A 

large number of nanoindentation experiments can provide representative results of the 

material heterogeneity (Constantinides et al., 2006; Ojo et al., 2020). The materials used 

in this study are rocks composed of various mineral components (see section mineral 

composition). To measure the material heterogeneity and investigate the potential 

relationship between the conventional uniaxial compressive strength (UCS) and nano-

scale hardness (Hi) and elastic modulus (Ei), grid nanoindentation test was conducted 

using a TI 950 Hysitron TriboIndenter (Brucker Instruments, Minneapolis, MN) 

instrumented with a Berkovich indenter at African University of Science and 

Technology (AUST) in Abuja, Nigeria. A square grid indentation of 10 x 10 (100) 

indentation points per grid was set for the tests under load-controlled deformation at a 

maximum constant load of 8000 µN leading to maximum penetration depth between 

150 nm and 5 µm, which is reasonable for rock materials (Lu et al., 2020). The spacing 

between adjacent indents was 7µm within each grid covering a representative area of 70 

x 70 µm
2
. To cover a significant area of the microstructure of the material and ensure 

the spatial variability of the heterogeneity of the material, a set of three grids indentation 

were carried out on each specimen at randomly selected locations resulting in a total of 

300 (i.e. 10 x 10 x 3) indentation points per sample. In this way, a minimum of 1500 

(i.e. 300 x 5 samples =1500) indentations load-displacement data were obtained for 
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each rock type. Details of the sample preparation and test procedure used in this study 

conform to Ojo et al. (2020) procedures. 

The classic data-interpretation method proposed by Oliver (2004) and Oliver et al. 

(1992) was used to calculate the nanoindentation hardness and elastic modulus based on 

the load-displacement curves with the assumption that the phases have different 

mechanical properties. From the statistical deconvolution technique, the mechanical 

property map of the rocks was obtained. Figure 5.2a shows the nanoindenter test 

apparatus alongside the recorded nanoindentation load-displacement curve (Figure 

5.2b). 

 

Figure 5. 2 (a) Hysitron TI950 Triboindenter test apparatus showing (b) A load-

displacement record. 

5.2.5.  Indentation modulus (Ei) 

The analysis of the load-displacement data obtained from nanoindentation 

experiments allows calculation of nanoindentation modulus       based on the 

expression presented in Eq (5.1). 

    
   

     
                                                                      (Eq 5.1) 
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where   is a constant. For Berkovich indenter,         ,   is the contact stiffness and 

   is the projected contact area  

  
  

  
            

   
                                                       (Eq 5.2) 

                                                                                 (Eq 5.3) 

          
    

 
                                                                   (Eq 5.4) 

   represents the indentation contact,      is the maximum indentation depth,      is 

the maximum applied load,   is a constant related to the shape of the indenter,        

for Berkovich indenter,   is the applied indentation load,   is the displacement,    are 

the final displacement after complete unloading stiffness, and  ,   are constants that 

can be empirically determined from the slope of the unloading curve represented by the 

following power-law relation (Eq 5.5).    

         
 

                                                                    (Eq 5.5)  

Then the modulus of elasticity Ei of the material  was calculated from the reduced 

modulus     (Eq..) following the expression presented in equation (Eq 5.6)  

           
 

  
 

       

    
 
  

                                                  (Eq 5.6) 

where   and    are the Poisson ratio and the elastic modulus of the tested specimen, 

respectively,    = 0.2 in this study (Lu et al., 2020),      and      , represent the 

Poisson’s ratio and the elastic modulus for the indenter material. For a diamond indenter 

as is the case in this study,      = 0.07 and           GPa.  
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5.2.6.  Indentation hardness 

The hardness (Hi) of the tested materials was calculated as the quotient of the 

maximum applied load      by the corresponding contact area of the indenter tip    

(Eq 5.7) using the load-displacement data. 

     
    

  
                                                                          (Eq 5.7) 

where      is the maximum applied load and    the corresponding projected contact 

area. 

5.2.7. Statistical deconvolution 

The aim of statistical deconvolution of the grid nanoindentation measurements is to 

estimate the mean and standard deviation of the indentation hardness (Hi) and elastic 

modulus (Ei) as well as the volume fraction of each phase present in the rock materials. 

Various statistical analyses based on Probability Density Function (PDF) or Cumulative 

Distribution Function (CDF) have been applied in the literature to map the mechanical 

properties from nanoindentation experiments (Constantinides et al., 2006; Graham et 

al., 2020; Liu et al., 2018; Lu et al., 2020; Ojo et al., 2020). This study applied PDF 

which is constructed as histograms of experimental data and provides a better visual 

representation of distinct phases (Graham et al., 2020; Ojo et al., 2020). The bin size (b) 

of the histograms were determined using Freedman-Diaconis rule (Freedman & 

Diaconis, 1981) (Eq 5.8) and the histograms were plotted against frequency density.  

  
     

      
                                                                                 (Eq 5.8) 

where   is the bin size,   is the number of observations in the samples and     is the 

interquartile range of the data sample. 

The experimental PDF was computed based on the expression presented in Eq (5.9).  
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                                                                (Eq 5.9) 

where       is the experimental PDF,       is the frequency of values,      is the 

effective indentation experiments and   is the bin size. 

Assuming a normal distribution, the theoretical PDF of a single-phase was calculated 

from Eqs. 5.10-5.12. 

       
 

      
     

      
 

    
                                                      (Eq 5.10) 

   
 

  
   
  

                                                                     (Eq 5.11) 

   
 

    
        

   

                                                         (Eq 5.12) 

Where        is the normal distribution of the material mechanical property     of 

each phase   = 1, 2, 3….   phases, and    and    represent the arithmetic mean and 

standard deviations of the j
th

 phase, respectively.  

The overall frequency distribution      for the heterogeneous materials with n multiple 

phases of normal distribution        can be expressed as (Eq 5.13):  

              
 
                                                                (Eq 5.13) 

where,    is the volume fraction of a single phase. 

5.2.8.  Regression analysis  

To correlate the nanoindentation mechanical properties to a standardized measuring 

technique, UCS for samples in the same batch were obtained using conventional 

compression tests (Table 5.1). Values were assessed and plotted against nanoindentation 

hardness (Hi) and elastic modulus (Ei). Using simple linear and nonlinear regressions 

analysis various relationships between the UCS and Hi and Ei were obtained. For the 

reliability of the model performance, several metrics are recommended for ease of 
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comparison. Therefore, this study applied three widely used statistical indicators to 

assess the performance of the prediction capacity of predictive models. These 

performance indices include R² (coefficient of determination) (Eq 5.14), RMSE (root 

mean squared error) (Eq 5.15), and VAF (variance accounted for) (Eq 5.16) 

     
             

  
   

                  
 
   

                                                       (Eq 5.14) 

      
 

 
             

  
                                                  (Eq 5.15) 

       
              

         
                                               (Eq 5.16) 

where;     ,     , and         are measured, predicted, and average measured UCS 

value, respectively;   is the total number of observations. The value of R² varies from 0 

and 1 and R² close to 1 indicates a more efficient model. A value of RMSE close to 0 

indicates high prediction ability of the empirical model and input data (Hyndman & 

Koehler, 2006), whereas the high value of VAF (close to 100) indicates better 

prediction performance in regression analysis (Bahaaddini & Hosseinpour, 2019).  

5.3.Results and Discussion 

5.3.1. Uniaxial compressive strength  

A minimum of five UCS tests was conducted for each rock type and the values were 

recorded and presented in Table 5.1 along with the material density, and porosity. It can 

be seen in Table 5.1 that the index properties of the investigated rocks present a similar 

range of data within the group of high strength class (ISRM, 1989). Among the 

investigated rocks, granite has the largest mean value of UCS (50.1MPa) followed by 

limestone (40.29 MPa) and dolomitic marble the smallest (38.44 MPa). 

Table 5. 1 Physico-mechanical property of the rock samples. 
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Lithology/test 

number 

UCS   

(MPa) 

Dry density        

(g/cm
3
) 

Porosity    

(%) 

Hi ± StDev 

(GPa) 

Ei ± StDev 

(GPa) 

G
ran

ite  

(G
r) 

1 47.2 2.70 2.32 7.12 ± 3.38 47.08 ± 11.31 

2 54.53 2.72 2.31 9.07 ± 2.91 53.35 ± 8.13 

3 48.32 2.72 1.49 7.48 ± 3.46 47.22 ± 17.15 

4 41.42 2.73 1.86 4.91 ± 2.58 32.1 ± 21.69 

5 59.01 2.73 1.66 13.27 ± 4.9 81.89 ± 34.52 

Mean 50.10 2.72 1.93 8.37  52.33  

L
im

esto
n

e  

(L
m

) 

1 37.43 2.67 3.27 4.23 ± 2.51 53.74 ± 15.44 

2 41.43 2.48 6.14 4.73 ± 3.04 59.53 ± 24.81 

3 47.52 2.60 5.69 5.22 ± 2.94 60.96 ± 47.24 

4 34.87 2.62 6.79 3.38 ± 1.66 48.49 ± 17.79 

5 41.19 2.47 3.04 4.23 ± 3.91 58.49 ± 23.64 

6 39.28 2.58 4.84 4.43 ± 2.17 56.34 ± 19.78 

Mean 40.29 2.57 4.79 4.37  56.26  

D
o
lo

m
itic m

arb
le  

(M
b
) 

1 36.83 2.85 2.54 2.26 ± 1.13 7.49 ± 3.53 

2 38.87 2.86 4.03 2.42 ± 1.01 13.63 ± 5.52 

3 42.25 2.92 3.42 2.79 ± 1.1 15.68 ± 3.66 

4 39.43 2.85 3.92 2.71 ± 1.12 17.99 ± 4.78 

5 34.83 2.86 4.56 2.27 ± 0.96 13.27 ± 4.13 

Mean 38.44 2.87 3.69 2.49  13.61  

5.3.2.  Mineral composition and rock strength.  

The mineral composition based on XRD analysis is shown in Figures 5.3, 5.4, and 

5.5 for granite, limestone, and dolomitic marble, respectively. The mineral 

composition’s quantitative measurement showed the main rock-forming minerals in the 

granite sample as quartz, oligoclase feldspar, and mica (mainly biotite) with contents of 

49%, 38%, and 13%, respectively. The two primary minerals components of the 

limestone sample are calcite (89%) and quartz (11%). The dolomitic marble contained 

77% of dolomite mineral and 10% graphite, 9% mica, and 4% calcite. It’s well known 

that the mineral compositions and microstructure significantly affect the physico-

mechanical parameters of rocks. Therefore, a preliminary investigation of the 
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petrographic characteristics (mineral composition) as well as the microstructure was 

analyzed using thin sections of the investigated rocks (Figures 5.6 a, b, and c). A granite 

rock with higher quartz content and density (less porosity) along with a finer grain size 

texture, generally exhibits higher compressive strength (UCS) (Sabatakakis et al., 

2008). This may be the case of the granite sample investigated in this study showing 

much quartz-feldspar content along with relatively high UCS (50.1 MPa) as compared 

to those obtained from limestone (40.29 MPa) and dolomitic marble (38.44 MPa) with 

little (13%) and no quartz mineral, respectively. However, the microphotograph of the 

granite shows medium to coarse-grained texture and micro-fractures within the quartz 

crystal which most likely lowers its strength compared to the strength of typical fine-

grained granite with more ideal quartz crystal (Sajid et al., 2016). The value of UCS 

obtained from limestone samples can be inferred from the microstructure of the rock 

(Figure 5.6b) which shows sparite calcite and micrite cemented texture with medium to 

coarse-grained size. Spatial variations in the dolomitic marble microstructure of (Figure 

5.6c) showing disintegration and preferred orientation of dolomite minerals and strong 

de-cohesion between grain contacts, most likely explain its low UCS (mean value) as 

compared to granite and limestone samples. Figures 5.7 a, b, and c present the failure 

pattern of the materials during the compression test. A sudden failure of fracture can be 

seen from dolomitic marble immediately after the initiation of the crack (Figure 5.7 c), 

indicating its fairly elastic behaviour compared to granite and limestone rocks. 

5.3.3.  Map of nanoindentation hardness (Hi) and elastic modulus 

(Ei) 

The bulk indentation Hi and Ei calculated based on Olivier-Pharr methods as 

described in the methodology section are reported in Table 5.1. Figure 5.8 presents the 

optical micrograph of granite rock showing the approximate indentation test area 



134 

 

alongside the corresponding mechanical properties maps for each point. The bulk 

indentation Hi and Ei of granite and limestone were found to be 8.37 GPa and 52.33 

GPa, and 4.35 GPa and 56.26 GPa, respectively. Dolomitic marble has the smallest 

indentation modulus equal to 13.61 GPa, which is almost four times lower than that 

from granite (52.33 GPa) and limestone (56.26 GPa) and further support the fairly 

elastic behaviour of dolomitic marble (Figure 5.7c). Comparing the mean values of Hi, 

Ei, and UCS (Tables 1), it appears that the average UCS of the investigated rocks 

increases with nanoindentation Hi and Ei, indicating potential relationships between 

macro and nano-scale parameters of the rock materials which will be investigated in 

subsequent sections. 

Figure 5. 3 Mineral composition of granite 
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Figure 5. 4 Mineral composition of limestone 

Figure 5. 5 Mineral composition of dolomitic marble 
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Figure 5. 6 Microphotographs of (a) granite, (b) limestone, (c) dolomitic marble. 

 

 

Figure 5. 7 Cracks generated under compression test on (a) granite, (b) limestone, and 

(c) dolomitic limestone. 
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Figure 5. 8 (a) optical image of granite specimen showing location of a grid indentation, 

(b) corresponding indentation hardness map, (c) modulus map. 

5.3.4. Statistical deconvolution  

In order to evaluate the influence of nano-scale hardness and elastic modulus of the 

principal mineral phases on the bulk material properties, nanoindentation test data were 

combined per group of rock for statistical deconvolution. The statistical deconvolution 

of the combined data was performed based on their probability density functions 

(PDFs). The frequency plots of the indentation Hi and Ei obtained from the experiments 

are presented in Figures 5.9, 5.10, and 5.11 for granite, limestone, and dolomitic marble. 

From the model fitting curves, it appears that three models normal distribution (peaks) 

provide the best fit to the experimental data for granite (Figures 5.9 a and b), whereas 
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dataset from limestone (Figure 5.10 a and b) and dolomitic marble (Figure 5.11 a and b) 

present a bimodal distribution, respectively. Using the mineral composition of the whole 

rock materials (Figures 5.3-5.5), the nano-scale indentation parameters (Hi and Ei) 

obtained from the statistical deconvolution were linked to the individual mineral phases 

following the Mohs hardness scale, as well as the literature values reported on the same 

minerals. Table 5.2 presents the mean values of Hi and Ei along with the standard 

deviation and volume fractions associated with each phase, as well as the mechanical 

properties of different minerals reported by previous studies. Quartz and oligoclase 

(plagioclase feldspar) which exists throughout the entire investigated granite and 

detected due to their high volumetric fraction were identified and the phase interpreted 

as quartz has Hi of 15.71 GPa and Ei of 80.76 GPa. The second phase most likely 

corresponds to oligoclase (plagioclase feldspar) with Hi of 6.2 GPa and Ei of 35.52 

GPa, while the third phase was attributed to mica/biotite with Hi of 1.93 GPa and Ei of 

21.38 GPa. For limestone rock, the dominant mineral phase which contributes more 

than 76 % and 79 % of the bulk material hardness and elastic modulus respectively was 

identified as calcite with Hi of 1.643 GPa and Ei of 40.11 GPa, whereas the second 

phase was linked to quartz which represents the second and less dominant mineral 

specimen within the bulk limestone. The nanoindentation Hi and Ei for calcite quartz, 

and plagioclase reported in this study were within the ranges reported in the literature 

(Table 5.2). For dolomitic marble materials, the deconvolution results present two 

mineral phases rather than four revealed by XRD results. Therefore, this study considers 

the principal mineral phase identified as dolomite with Hi of 2.03 GPa and Ei of 16.78 

GPa. The second phase was assigned to the remaining minerals including graphite, 

mica, and calcite and called ’others’ in this study. It’s worth noting that the dolomite 

mineral provides the lowest nanoindentation parameters and accounts for 73 % and 84 
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% of the bulk material hardness and elastic modulus, respectively (Table 5.2). The low 

cohesion along grain contacts of the dominant mineral phase (dolomite) in the dolomitic 

marble (Figure 5.6 c) is consistent with the low bulk value of Hi and Ei of the material. 

This further supports the low mean UCS value of dolomitic marble compared to granite 

and limestone (Tables 5.1 and 5.2). The combined quartz–feldspar mineral phases in 

granite exhibited the greatest values of Hi and Ei and accounts for more than 70 % of 

both the rock hardness and elastic modulus. This further increases the bulk Hi and Ei of 

the granite rock (Table 5.1), which most likely explains the relatively higher UCS 

(mean value) of granite compared to limestone and dolomitic marble. Comparing the 

material’s UCS to the indentation Hi and Ei of the dominant phase mineral, it can be 

seen that granite with much higher quartz-feldspar content yields slightly higher UCS 

than those obtained from limestone and dolomitic marble built up of relatively soft 

phase of calcite and dolomite, respectively. Based on these observations, it can be 

concluded that the mechanical property (Hi and Ei) of the major mineral phase 

influence the bulk mechanical response (UCS) of the investigated rocks, and these are 

similar to the observations of Lu et al. (2020). 



140 

 

 

Figure 5. 9 Statistical deconvolution results of indentation (a) Hi and (b) Ei for granite 
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Figure 5. 10 Statistical deconvolution results of indentation (a) Hi and (b) Ei for 

limestone. 
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Figure 5. 11 Statistical deconvolution results of indentation (a) Hi and (b) Ei for 

dolomitic marble 

Table 5. 2 Hardness and Elastic modulus of the various minerals present in the indented 

area. 

Mineral Hi 

(GPa) 

Vol. 

(%) 

Ei 

(GPa) 

Vol. 

(%) 

Literature 

 

Granite      

Quartz 15.71 

± 6.28 

26 80.76 

± 

17.83 

35 11.6 < Hi <15 GPa (Broz et al., 

2006; Eliyahu et al., 2015; 

Maruvanchery & Kim, 2020; Zhu et 

al., 2007) 

55 < Ei <124 GPa (Broz et al., 

2006; Eliyahu et al., 2015; Graham 

et al., 2020; Maruvanchery & Kim, 

2020; Zhu et al., 2007) 

Oligoclase 6.2 

±  

1.51 

48 35.52 

±  

2.63 

37 2.4 < Hi < 8.4 GPa (Maruvanchery 

& Kim, 2020; Zhu et al., 2007) 

44 < Ei < 103 (Brown et al., 2016; 

Zhu et al., 2007) 
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Mica/biotite 1.93 

±  

1.03 

27 21.38 

±  

8.07 

28 - 

Limestone      

Calcite 1.64 

±  

1.82 

76 40.11 

± 

29.88 

79 1.7 < Hi < 2.7 GPa (Broz et al., 

2006; Maruvanchery & Kim, 2020; 

Whitney et al., 2007) 

40 < Ei < 94 GPa  (Broz et al., 

2006; Graham et al., 2020; 

Maruvanchery & Kim, 2020; 

Whitney et al., 2007) 

Quartz 12.45 

±  

3.49 

24 128.94 

± 

41.74 

21 Idem as above 

Dolomitic 

marble 

     

Dolomite 2.03 

±  

0.94 

73 16.78 

±  

2.8 

84 Hi = 5.8 GPa (Maruvanchery & 

Kim, 2020) 

30 < Ei < 117.3 GPa (Maruvanchery 

& Kim, 2020; Sayers, 2008) 

Others 3.55 

±  

0.73 

27 6.50 

±  

5.42 

16 - 

 

5.3.5.  Evaluation of UCS estimation from nanoindentation Hi and 

Ei 

This section evaluates potential empirical relationships between uniaxial 

compressive strength (UCS) and nano-indentation Hi and Ei using simple regression 

models.  

The scatter plots of UCS against Hi and Ei led to correlations between the two 

variables. Table 5.3 reports the relationship between UCS and nanoindentation Hi and 

Ei alongside the corresponding regression equations, as well as some statistical 

performance indices.  

Comparing the performance indices of the relation types, it can be observed that 

logarithmic regression function provides the most reliable relationship in predicting 

UCS from Hi and Ei from granite, whereas exponential function was more acceptable 
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for predicting UCS from Hi Ei from limestone rock in this study. Linear regression best 

explains the relationship between UCS and Hi with an R² of 0.86 based on data from all 

rock types. Although, there is a significant relationship between UCS and 

nanoindentation hardness Hi for dolomitic marble, no significant relations between 

UCS-Ei (0.24 < R² < 0.36) were found, suggesting recommendation against a prediction 

of UCS from very low elastic material like the investigated dolomitic marble rock. It 

can be concluded that nanoindentation hardness (Hi) correlates better with UCS and 

could be used to characterize rock strength with a higher degree of accuracy than Ei. 

Using the best fit models shown in Figures 5.12 and 5.13, UCS values were predicted 

and compared to the measured values (Figure 5.14). It can be seen that the predicted 

UCS values from nanoindentation hardness measurements (Hi) are very close to the 

measured values than those obtained from nanoindentation modulus, which further 

supports the best performance of Hi in estimating the UCS of rocks. 

 

Table 5. 3. Relationship between UCS and nanoindentation hardness (Hi) and elastic 

modulus (Ei) 

Rock type Relation type Equation R² RMSE VAF 

(%) 

UCS-Hi      

Granite Linear UCS = 2.112Hi + 32.418 0.932 1.596 93.146 

 Exponential UCS = 35.019e
0.0419x

 0.911 1.895 90.340 

 Logarithmic
1
 UCS = 18.487ln(Hi) + 11.803 0.970 1.049 97.039 

 Power UCS = 23.098Hi
0.3702

 0.968 1.182 96.241 

Limestone Linear UCS = 6.4723Hi + 12.003 0.845 1.698 84.494 

 Exponential
1
 UCS = 19.972e

0.1595Hi
 0.862 1.585 86.485 

 Logarithmic UCS = 26.652ln(Hi) + 1.2095 0.808 1.890 80.780 

 Power UCS = 15.241Hi
0.6598

 0.832 1.770 83.166 

Dolomitic 

marble 

Linear UCS = 10.201Hi + 13.041 0.813 1.082 81.309 

 Exponential UCS = 19.853e
0.2645Hi

 0.806 1.086 81.170 

 Logarithmic
1
 UCS = 25.647ln(x) + 15.145 0.815 1.076 81.514 
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 Power UCS = 20.959Hi
0.6654

 0.809 1.080 81.380 

All rock 

types 

Linear* UCS = 2.1564Hi + 31.923 0.863 4.411 86.286 

(dataset) Exponential UCS = 33.441e
0.0467Hi

 0.827 4.626 84.926 

 Logarithmic UCS = 11.788ln(Hi) + 25.318 0.795 5.397 79.464 

 Power UCS = 28.797Hi
0.2596

 0.788 4.995 82.437 

UCS-Ei      

Granite 

 

Linear UCS = 0.3497Ei + 31.797 0.880 2.114 87.986 

Exponential UCS = 34.599e
0.0069Ei

 0.860 2.356 85.116 

 Logarithmic
1
 UCS = 19.53ln(Ei) - 26.298 0.925 1.670 92.498 

 Power UCS = 10.782Ei
0.3908

 0.921 1.802 91.269 

Limestone Linear UCS = 0.8514Ei - 7.6099 0.815 1.856 81.471 

 Exponential
1
 UCS = 12.119e0.0213Ei 0.855 1.750 83.545 

 Logarithmic UCS = 45.763ln(Ei) – 144.01 0.795 1.953 79.487 

 Power UCS = 0.3983Ei
1.1452

 0.837 1.851 81.591 

Dolomitic 

marble 

Linear UCS = 0.3819Ei + 33.243 0.284 2.117 28.440 

 Exponential
1
 UCS = 33.537e

0.0099Ei
 0.280 2.113 28.737 

 Logarithmic UCS = 4.1807ln(Ei) + 27.695 0.250 2.167 24.967 

 Power UCS = 29.09Ei
0.1076

 0.244 2.163 25.345 

All rock 

types 

Linear UCS = 0.1867Ei + 34.988 0.358 9.541 35.818 

 Exponential
1
 UCS = 35.673e

0.0041Ei
 0.350 9.470 36.964 

 Logarithmic UCS = 5.1157ln(Ei) + 24.687 0.286 10.065 28.578 

 Power UCS = 28.267Ei
0.114

 0.290 10.047 29.097 

1
best predictor model 
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Figure 5. 12 Relationship between UCS and Hi of the investigated rocks 

 

  

  

Figure 5. 13. Relationship between UCS and Ei of the investigated rocks 
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Figure 5. 14. Correlation between measured and predicted UCS 
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RMSE, and VAF), empirical equations for predicting UCS from nanoindentation Hi and 

Ei were found and the best correlations were obtained using nanoindentation hardness 

measurements. This study is a preliminary investigation of the potential correlation 

between UCS-Hi and UCS-Ei and provides information that is valid within the range of 

data used in the present study. The proposed empirical equation may be used at a 

preliminary design stage in engineering projects related to rock mechanics, especially in 

mining and civil engineering. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



149 

 

5.7.REFERENCES  

Aladejare, A. E. (2020). Evaluation of empirical estimation of uniaxial compressive 

strength of rock using measurements from index and physical tests. Journal of 

Rock Mechanics and Geotechnical Engineering, 12(2), 256–268. 

https://doi.org/10.1016/j.jrmge.2019.08.001 

ASTM D 2938 – 95. (1995). Standard Test Method for Unconfined Compressive 

Strength of Intact Rock Core. 04, 4–6. 

Aydin, A. (2015). The ISRM Suggested Methods for Rock Characterization, Testing 

and Monitoring: 2007-2014. The ISRM Suggested Methods for Rock 

Characterization, Testing and Monitoring: 2007-2014, 2007–2014. 

https://doi.org/10.1007/978-3-319-07713-0 

Bahaaddini, M., & Hosseinpour Moghadam, E. (2019). Evaluation of empirical 

approaches in estimating the deformation modulus of rock masses. Bulletin of 

Engineering Geology and the Environment, 78(5), 3493–3507. 

https://doi.org/10.1007/s10064-018-1347-x 

Ban, H., Karki, P., & Kim, Y. R. (2013). Nanoindentation test integrated with numerical 

simulation to characterize mechanical properties of rock materials. Journal of 

Testing and Evaluation, 42(3). https://doi.org/10.1520/JTE20130035 

Brown, J. M., Angel, R. J., & Ross, N. L. (2016). Elasticity of plagioclase fledpsars. 

Journal of Geophysical Research: Solid Earth, 663–675. 

https://doi.org/10.1002/2015JB012736.Received 

Broz, M. E., Cook, R. F., & Whitney, D. L. (2006). Microhardness, toughness, and 

modulus of Mohs scale minerals. American Mineralogist, 91(1), 135–142. 

https://doi.org/10.2138/am.2006.1844 



150 

 

Constantinides, G., Ravi Chandran, K. S., Ulm, F. J., & Van Vliet, K. J. (2006). Grid 

indentation analysis of composite microstructure and mechanics: Principles and 

validation. Materials Science and Engineering A, 430(1–2), 189–202. 

https://doi.org/10.1016/j.msea.2006.05.125 

Eliyahu, M., Emmanuel, S., Day-Stirrat, R. J., & Macaulay, C. I. (2015). Mechanical 

properties of organic matter in shales mapped at the nanometer scale. Marine and 

Petroleum Geology, 59, 294–304. https://doi.org/10.1016/j.marpetgeo.2014.09.007 

Fan, M., Jin, Y., Chen, M., & Geng, Z. (2019). Mechanical characterization of shale 

through instrumented indentation test. Journal of Petroleum Science and 

Engineering, 174(November 2018), 607–616. 

https://doi.org/10.1016/j.petrol.2018.11.083 

Freedman, D., & Diaconis, P. (1981). On the histogram as a density estimator:L2 

theory. Zeitschrift Für Wahrscheinlichkeitstheorie Und Verwandte Gebiete, 57(4), 

453–476. https://doi.org/10.1007/BF01025868 

García, R. A., Saavedra, N. F., Calderón-Carrillo, Z., & Mateus, D. (2008). 

Development of experimental correlations between indentation parameters and 

unconfined compressive strength (UCS) values in shale samples. CTyF - Ciencia, 

Tecnologia y Futuro, 3(4), 61–81. 

Graham, S. P., Rouainia, M., Aplin, A. C., Cubillas, P., Fender, T. D., & Armitage, P. J. 

(2020). Geomechanical characterisation of organic-rich calcareous shale using 

AFM and nanoindentation. Rock Mechanics and Rock Engineering, 0123456789. 

https://doi.org/10.1007/s00603-020-02261-6 

Haftani, M., Bohloli, B., Moosavi, M., Nouri, A., Moradi, M., & Maleki Javan, M. R. 

(2013). A new method for correlating rock strength to indentation tests. Journal of 

Petroleum Science and Engineering, 112, 24–31. 



151 

 

https://doi.org/10.1016/j.petrol.2013.11.027 

Haftani, M., Bohloli, B., Nouri, A., Maleki Javan, M. R., & Moosavi, M. (2014). Size 

effect in strength assessment by indentation testing on rock fragments. 

International Journal of Rock Mechanics and Mining Sciences, 65, 141–148. 

https://doi.org/10.1016/j.ijrmms.2013.10.001 

Hyndman, R. J., & Koehler, A. B. (2006). Another look at measures of forecast 

accuracy. International Journal of Forecasting, 22(4), 679–688. 

https://doi.org/10.1016/j.ijforecast.2006.03.001 

ISRM. (1981). International Society for Rock Mechanics. Rock characterization testing 

& [and] monitoring: ISRM suggested methods. Pergamon Press. 

https://doi.org/10.1016/0148-9062(84)90003-2 

ISRM. (1989). Rock characterization testing and monitoring: international society for 

rock mechanics commission. Ed. E. T. Brown. Pergamon press, (pp. 83–88). 

Kahraman, S., Fener, M., & Kozman, E. (2012). Predicting the compressive and tensile 

strength of rocks from indentation hardness index. Journal of the Southern African 

Institute of Mining and Metallurgy, 112(5), 331–339. 

Kalyan, B., Murthy, C. S. N., & Choudhary, R. P. (2015). Rock Indentation Indices as 

Criteria in Rock Excavation Technology – A Critical Review. Procedia Earth and 

Planetary Science, 11, 149–158. https://doi.org/10.1016/j.proeps.2015.06.019 

Karakul, H., & Ulusay, R. (2013). Empirical correlations for predicting strength 

properties of rocks from P-wave velocity under different degrees of saturation. 

Rock Mechanics and Rock Engineering, 46(5), 981–999. 

https://doi.org/10.1007/s00603-012-0353-8 

Liu, K., Ostadhassan, M., & Bubach, B. (2016). Applications of nano-indentation 

methods to estimate nanoscale mechanical properties of shale reservoir rocks. 



152 

 

Journal of Natural Gas Science and Engineering, 35, 1310–1319. 

https://doi.org/10.1016/j.jngse.2016.09.068 

Liu, K., Ostadhassan, M., & Bubach, B. (2018). Application of nanoindentation to 

characterize creep behavior of oil shales. Journal of Petroleum Science and 

Engineering, 167, 729–736. https://doi.org/10.1016/j.petrol.2018.04.055 

Lu, Y., Li, Y., Wu, Y., Luo, S., Jin, Y., & Zhang, G. (2020). Characterization of Shale 

Softening by Large Volume-Based Nanoindentation. Rock Mechanics and Rock 

Engineering, 53(3), 1393–1409. https://doi.org/10.1007/s00603-019-01981-8 

Maruvanchery, V., & Kim, E. (2020). Mechanical characterization of thermally treated 

calcite-cemented sandstone using nanoindentation, scanning electron microscopy 

and automated mineralogy. International Journal of Rock Mechanics and Mining 

Sciences, 125(November 2019), 104158. 

https://doi.org/10.1016/j.ijrmms.2019.104158 

Mateus, J., Saavedra, N. F., Calderón-Carrillo, Z., & Mateus, D. (2007). Correlation 

development between indentation parameters and unaxial compressive strength for 

Colombian sandstones. CT y F - Ciencia, Tecnologia y Futuro, 3(3), 125–135. 

Mustafa, S., Khan, M. A., Khan, M. R., Sousa, L. M. O., Hameed, F., Mughal, M. S., & 

Niaz, A. (2016). Building stone evaluation-A case study of the sub-Himalayas, 

Muzaffarabad region, Azad Kashmir, Pakistan. Engineering Geology, 209, 56–69. 

https://doi.org/10.1016/j.enggeo.2016.05.007 

Ojo, E. B., Bello, K. O., Ngasoh, O. F., Stanislas, T. T., Mustapha, K., Savastano, H., & 

Soboyejo, W. (2020). Mechanical performance of fiber-reinforced alkali activated 

un-calcined earth-based composites. Construction and Building Materials, 247, 

118588. https://doi.org/10.1016/j.conbuildmat.2020.118588 

Oliver, W. C. (2004). Measurement of hardness and elastic modulus by instrumented 



153 

 

indentation: Advances in understanding and refinements to methodology. Journal 

of Materials Research, 19, 3–20. 

Oliver, W. C., Pharr, G. M., & Introduction, I. (1992). An improved technique for 

determining hardness and elastic modulus using load and displacement sensing 

indentation experiments. Journal of Materials Research, 7, 1564–1583. 

Özkan, I., Erdem, B., & Ceylanoğlu, A. (2015). Characterization of jointed rock masses 

for geotechnical classifications utilized in mine shaft stability analyses. 

International Journal of Rock Mechanics and Mining Sciences, 73, 28–41. 

https://doi.org/10.1016/j.ijrmms.2014.10.001 

Sabatakakis, N., Koukis, G., Tsiambaos, G., & Papanakli, S. (2008). Index properties 

and strength variation controlled by microstructure for sedimentary rocks. 

Engineering Geology, 97(1–2), 80–90. 

https://doi.org/10.1016/j.enggeo.2007.12.004 

Sajid, M., Coggan, J., Arif, M., Andersen, J., & Rollinson, G. (2016). Petrographic 

features as an effective indicator for the variation in strength of granites. 

Engineering Geology, 202, 44–54. https://doi.org/10.1016/j.enggeo.2016.01.001 

Sayers, C. M. (2008). The elastic properties of carbonates. Leading Edge (Tulsa, OK), 

27(8), 1020–1024. https://doi.org/10.1190/1.2967555 

Slim, M., Exploration, S. I., & Bryndzia, L. T. (2019). The Role of Organic Matter on 

Nanoscale and Microscale Creep Properties of Source. January. 

https://doi.org/10.1061/(ASCE)EM.1943-7889.0001538 

Sun, C., Li, G., Gomah, M. E., Xu, J., & Sun, Y. (2020). Creep characteristics of coal 

and rock investigated by nanoindentation. International Journal of Mining Science 

and Technology, xxxx, 1–8. https://doi.org/10.1016/j.ijmst.2020.08.001 

Sun, C., Li, G., Zhang, S., Xu, J., & Yang, H. (2020). Mechanical and Heterogeneous 



154 

 

Properties of Coal and Rock Quantified and Mapped at the Microscale. Applied 

Sciences, 10, 342. 

Szwedzicki, T. (1998). Indentation hardness testing of rock. International Journal of 

Rock Mechanics and Mining Sciences, 35(6), 825–829. 

https://doi.org/10.1016/S0148-9062(97)00334-3 

Tandon, R. S., & Gupta, V. (2015). Estimation of strength characteristics of different 

Himalayan rocks from Schmidt hammer rebound, point load index, and 

compressional wave velocity. Bulletin of Engineering Geology and the 

Environment, 74(2), 521–533. https://doi.org/10.1007/s10064-014-0629-1 

Ván, P., & Vásárhelyi, B. (2014). Sensitivity analysis of GSI based mechanical 

parameters of the rock mass. Periodica Polytechnica Civil Engineering, 58(4), 

379–386. https://doi.org/10.3311/PPci.7507 

Viktorov, S. D., Golovin, Y. I., Kochanov, A. N., Tyurin, A. I., Shuklinov, A. V., 

Shuvarin, I. A., & Pirozhkova, T. S. (2015). Micro- and nano-indentation approach 

to strength and deformation characteristics of minerals. Journal of Mining Science, 

50(4), 652–659. https://doi.org/10.1134/S1062739114040048 

Wang, M., & Wan, W. (2019). A new empirical formula for evaluating uniaxial 

compressive strength using the Schmidt hammer test. International Journal of 

Rock Mechanics and Mining Sciences, 123(September), 104094. 

https://doi.org/10.1016/j.ijrmms.2019.104094 

Whitney, D. L., Broz, M., & Cook, R. F. (2007). Hardness, toughness, and modulus of 

some common metamorphic minerals. American Mineralogist, 92(2–3), 281–288. 

https://doi.org/10.2138/am.2007.2212 

Yagiz, S. (2009). Predicting uniaxial compressive strength, modulus of elasticity and 

index properties of rocks using the Schmidt hammer. Bulletin of Engineering 



155 

 

Geology and the Environment, 68(1), 55–63. https://doi.org/10.1007/s10064-008-

0172-z 

Zhu, W., Hughes, J. J., Bicanic, N., & Pearce, C. J. (2007). Nanoindentation mapping of 

mechanical properties of cement paste and natural rocks. Materials 

Characterization, 58(11-12 SPEC. ISS.), 1189–1198. 

https://doi.org/10.1016/j.matchar.2007.05.018 

 



156 

 

CHAPTER SIX 

6.0.Implication, conclusion and future work 

6.1.Implications 

Engineering geological and geotechnical investigation has to be performed before 

any mining and civil engineering activities to provide information to stakeholders 

involved in construction activities (Bilaspur, 2020; El May et al., 2011). Slope stability 

assessment is used for designing and evaluating the health of a slope for safe and 

sustainable development widely applied in mining, civil, and environmental engineering 

projects around the world. Slope failure causes fatalities, injuries, damage to 

infrastructure, as well as major financial losses in the world (Shahnazari et al., 2017). In 

mining, slope failure incidents is not only compromise the operational and production 

activities but also endangers the environment (Hu et al., 2019; Zevgolis et al., 2020). 

The failure of engineered or natural slopes along transportation routes generates a large 

number of deaths and disruption of the road traffic and transport of goods and services 

between communities (Editor et al., 2003; Siddique et al., 2020).  In the present study, 

the assessment of slope stability of road cut debris slope was studied in the Himalayan 

region. The section of Road Cut Debris-Slopes along NH-7, Uttarakhand, identified for 

this study, is a part of the road developmental project (Char Dham Mahamarg Vikas 

Pariyojana) of the Government of India (Siddique et al., 2020). The results provided 

information on potential parameters influencing the failure of the slopes that could not 

be directly observed in the field. The overall slope angle and height has the greatest 

effect on the stability conditions of the studied slopes, compared to clay minerals which 

have the least control on the failure mechanism of the slopes. Considering these facts, 

some suggestions were made for reinforcement of the slopes. Modification (overall 
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slope angle and height) of the slope geometry was proposed to reduce the gravitational 

load on the slope in order to increase its lifespan. A gradual reduction of slope angle 

from 75˚ to 50˚ at every 5˚ increases the factor of safety of slopes from 11.5% to 32.5 % 

(Siddique, 2018). The benching slope stabilization technique is one effective method to 

reduce the overall slope angle. While optimizing the slope by reducing the overall slope 

angle, the slope surface should be covered by vegetation or lightweight shotcrete to 

minimize the influence of weathering/erosion on slope stability. The choice of the 

stabilization methods depends upon the cost allocated to the project and the geological 

and geotechnical conditions of the site. The slope stability assessment in the study area 

may help the decision-makers to choose the most effective engineering solutions for the 

planning mitigation strategies of the slope failure phenomenon. 

Due to the constraints associated with the assessment of standard specimens for 

compressive tests and its high cost, the indentation test could be considered as potential 

means to assess the effective UCS of rock at less operational cost for slope stability 

analysis and any projects related to rock mechanics, especially in mining and civil 

engineering. 

6.2.Conclusion  

 This study evaluated the geotechnical and geological investigation of stability 

conditions of road cut debris-slopes along NH-7, Uttarakhand, India. Various 

geotechnical parameters associated with the stability of slopes were determined through 

field surveys and laboratory investigations. The stability state was assessed using the 

limit equilibrium (LE) and Finite Element-Shear strength reduction (FE-SSR) methods. 

The index and shear strength parameters of the debris and rock mass were used to 

model the slopes based on Rocscience Slide v6.0 and Phase 2 software. 
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The results of this study can be summarized as follow 

 The soil categories of the materials forming the slope show strong analogies in 

their grain size composition with a meagre fine-grained fraction of 

approximately 5%. 

 The slope materials are mainly comprised of well-graded sands, gravelly sands, 

with little or no plasticity, suggesting no significant influence of particle size 

distribution on the mechanical behaviour of the slope materials 

 The relatively steeper gradient of the studied slopes inhibits the development of 

clay minerals and XRD analysis revealed no significant expandable clay mineral 

that could favour the slide of the material-forming the slopes in undisturbed 

conditions. 

 The stability conditions of a completely weathered slope profile section, with a 

relatively low overall angle, was found to be 50% lower than the value obtained 

in the moderately to highly weathered profile section, indicating that the 

geometry of a slope influences the weathering grade, which in turn destabilizes 

the slope.  

 The weathering of the pre-existing rock mass is one factor that explains the 

failure of many slopes with better stability conditions after many years of 

excavation 

 The overall slope angle and height has the greatest effect on the stability 

conditions of the studied slopes rather than the activity of swelling clay 

minerals.  
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 A gentle slope with low height experiences the slightest gravitational loading 

and better stability conditions than a steep slope. 

 Modification of slope geometry, installation of retaining and gabion walls along 

the toe and grass planting on the slope surface are possible stabilization 

measures to increase the stability of the slopes. 

 Mineral compositions and microstructure influence the uniaxial compressive 

strength of granite, limestone, and dolomitic marble rock materials. 

 New approaches of determining the intact rock strength geo-enginnering 

application were developed based on nano-indentation hardness and elastic 

modulus.  

 Nanoindentation hardness (Hi) correlates better with UCS and could be used to 

characterize rock strength with a higher degree of accuracy than nanoindentation 

modulus (Ei) 

6.3.Future work  

 The studied slope materials consisted of well-graded soil with little or no plasticity. 

Such a class of soil implies a good geotechnical property in undisturbed conditions 

(Getahun et al., 2019). However, it is reported that non-swelling (detrital) clay particles 

also interact with water and may completely collapse the slope under heavy or long-

lasting rainfall. Therefore, the influence of rainfall on the stability conditions of the 

slope has to be addressed for better understanding of the factors associated with the 

occurrence of debris slides in the study area. Although this study showed the influence 

of slope geometry on slope instability, there is a lack of knowledge on the effect of 

dynamic loading on debris stability in the study area, which should be examined in 
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subsequent work.  These complementary studies should provide deep knowledge on the 

major causes of slope instability along the Road Cut Debris-Slopes from Rishikesh to 

Kaudiyala, Uttarakhand, India.  

 An important challenge to be addressed in future works is the implementation of 

the work in the Pan-African Dahoméyides Mountain in Benin for risk assessment and 

health of the road-cut slope within the region. We also consider implementing the 

methods of slope stability analysis in opencast mines/quarries and hilly regions like 

‘Department des Collines’ in Benin as a serious threat of slope/rock failure has been 

reported. 
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