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ABSTRACT

In large-scale opencast mining, overburden and waste materials are continuously excavated and
deposited in internal or external dump yards. Ensuring the stability of these dump slopes is crucial
for safe and efficient operations, as failures can cause loss of life, equipment damage,
environmental harm, and production delays. This paper, “Dump Slope Stability in Opencast Mines:
Risk Factors & Mitigation Measures”, investigates key factors influencing dump stability and
outlines scientifically proven risk-reduction strategies. The study examines geotechnical,
hydrological, and operational parameters affecting slope behaviour. Critical factors include slope
height and angle, particle size distribution, material cohesion, internal friction, compaction quality,
groundwater levels, rainfall infiltration, and external vibrations from blasting or seismic activity.
Poor drainage and inadequate compaction further heighten instability risks. Field investigations,
laboratory tests, and case studies help classify common failure types, such as rotational slips,
translational slides, and flow-like failures in loose or clay-rich materials. Risk assessment utilizes
modern slope stability analysis tools like SLOPE/W, PHASE?, and Rocscience Slide, supported by
geotechnical instruments such as piezometers, inclinometers, and ground movement radars. The
paper also emphasizes continuous monitoring and early warning systems. Mitigation measures
include phased dumping with intermediate compaction, proper drainage construction, toe
reinforcement, vegetative stabilization, terracing, benching, and compliance with DGMS safety
regulations. The integration of remote sensing, GIS, and predictive modelling enables real-time
assessment and proactive interventions. By identifying high-risk zones and implementing targeted
measures, the study aims to promote safer, more sustainable, and cost-effective dumping practices,
offering valuable guidance for mine planners, geotechnical engineers, safety officers, and
policymakers.

Keywords: Dump slope stability; Opencast mining; Geotechnical parameters;, Hydrological
factors; Slope failure mechanisms, Risk assessment; Mitigation measures

1. INTRODUCTION

Opencast mining, also known as surface mining, is one of the most widely used methods for
extracting minerals and coal from near-surface deposits. As part of this process, massive volumes
of overburden and waste materials are excavated and transported to designated dumping areas.
These waste dumps are typically formed as high embankments or slopes, which, if not properly
designed and maintained, can pose serious safety and environmental hazards. The stability of these
dump slopes is, therefore, a matter of significant concern in mine planning and operation.

Slope failures in dump yards can result in severe consequences, including the loss of human life,
damage to mining infrastructure and equipment, production delays, and long-term environmental
degradation such as siltation of nearby water bodies, land subsidence, and vegetation loss. The
increasing depth and scale of modern opencast mines further intensify the risks associated with
unstable dump slopes, especially in regions with weak geological formations, high rainfall, or
inadequate drainage systems.

Several factors contribute to the instability of dump slopes, including the physical and mechanical
properties of the dumped material, slope geometry, moisture content, compaction levels, method of
dumping, and the presence of groundwater. External triggers such as heavy rainfall, seismic
activity, and vibrations from blasting can further increase the risk of slope failure. In recent years,
numerous incidents of dump collapses in coal and metal mines have highlighted the urgent need for
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thorough geotechnical assessment and implementation of effective risk mitigation strategies.

This project aims to study and analyze the various factors influencing dump slope stability in
opencast mines and to explore modern tools and technologies that can assist in slope monitoring
and hazard prevention. It also proposes engineering, procedural, and biological measures to
improve long-term slope stability and ensure compliance with safety standards laid down by the
Directorate General of Mines Safety (DGMS) and other regulatory bodies.

By addressing the root causes of instability and proposing practical, site-specific solutions, the
project seeks to contribute to safer, more efficient, and environmentally responsible mining
practices.

2. OBJECTIVES OF THE STUDY

Dump slope stability in opencast mining is a critical concern due to the large volumes of overburden
and waste material excavated and deposited, where instability can result in environmental damage,
economic losses, and serious risks to human life. The primary objective of this study is to ensure
the long-term stability and safety of waste dumps by systematically evaluating existing dump design
and stability standards, identifying potential failure mechanisms and associated risk factors, and
recommending scientifically sound modifications and remedial measures. Through this approach,
the study aims to develop strategies that enhance slope stability, minimize hazards, and promote
sustainable and safe dumping practices in large-scale mining operations.

3. DETAILED OBJECTIVES

3.1 Ensuring Operational Safety

Operational safety is the foremost objective. Slope failures can result in fatal accidents, equipment
damage, and production loss. The project aims to implement safe design practices to eliminate such
risks.

I'ension crack

Water pressure
distribution
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Failure surface

Figure 1 Impact of Slope Failures on Mining Operations
3. 2 Assessment of Geotechnical Conditions

Understanding the geotechnical parameters is crucial for any stability analysis. This includes:
Bulk density and cohesion of dump materials.

e Angle of internal friction.
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e Moisture content and pour water pressure.
e Influence of loose fills and weathered zones.
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Laboratory and field investigations are conducted to determine these properties for slope stability

modelling.

3.3 Identification of Risk Factors

The following major risk factors are targeted for assessment:

e Excessive dump heights or steep slope angles.

¢ Uncontrolled water seepage or rainfall infiltration.

e Loose or unconsolidated waste material.

e Seismic activity or blasting-induced vibrations.

e Lack of internal drainage and toe support.

Table 1 Common Causes of Dump Failures in Indian Opencast Mines
Mine No of Person Killed Cause

29January1921 EastBagdigi 5 Sidefall
16September1921 Pandeybera 5 Sidefall
25January1923 Mahakali 8 Sidefall
26March1923 Bonbiddin 4 Sidefall
21Junel923 Dhori 7 Sidefall
01September1926 Bararee 4 Sidefall
210ctober1940 Bhulanbararee 6 Sidefall
03December1941 DhemoMain 4 Sidefall
13March1945 DhemoMain 4 Sidefall
13March1945 Banksimula9and10pits 8 Sidefall
27December1948 Kargali 4 Sidefall
19May1952 Mithapur 4 Sidefall
22January1953 Sonardih 4 Sidefall
15February1963 Jamuna 6 Sidefall
19February 1963 Jharkhand 4 Sidefall
04Junel963 Kargali 8 Sidefall
27September1968 NorthSalanpur 6 Sidefall
28February1975 Hessalong 6 Sidefall
27July1975 PannandhroLignite 4 Sidefall
09June1980 JorekuriPalasthali 4 Landside
24June2000 KawadiOpencast 10 Sidefall
12December2008 JayantOpencast 5 Landslide
29December2016 RajmahalOpencast 23 Landslide

3.4 Slope Stability Analysis and Modelling

Slope behaviour under various conditions will be modelled using:

e Limit Equilibrium Method (LEM) — to calculate the Factor of Safety (FoS).
e Finite FElement Method (FEM)— to study stress distribution and deformation.
e Software Tools such as Slide, GeoStudio, or PLAXIS for visual and numerical analysis.

3.5 Monitoring and Control Measures

The objective includes designing a monitoring system for early detection of instability using:
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e Inclinometers — to detect horizontal movements.
e Piezometers — to monitor groundwater pressure.
e Remote Sensing & UAV — for real-time surface movement data.

A proactive monitoring system helps in reducing the response time during emergencies.

INTERNAL DUMP SLOPE STABILITY RISK

ASSESMENT
FACTOR OF STABILITY DEWATERING FAILUTE EXTREME WEATHER
FAILURE IMPACT IMPACT FAILURE IMPACT

CONSEQUENCE OF SLOP
FAILURE

PROBABILITY OF SLOPE
FAILURE

RISKS OF SLOPE
FAILURE

OVERALL SLOPE
ANGLE SELECTION

Figure 2 Flowchart of Internal Dump Slope Stability Risk Assessment
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Figure 3 Flow Diagram of Monte Carlo Simulation for Slope Stability Analysis

3.6 Designing Stable Dump Slopes

This involves developing guidelines for:

Optimum dump height and slope angles.

Benching and terracing systems.

Foundation strengthening (e.g., compaction, soil reinforcement).
Drainage and surface run-off control.
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Case studies and past failure data are used for deriving design criteria.

The final simulation has been done on the basis of sections provided by the company before and
after failure. Two different sections of excavation have been simulated before and after failure.
Figure shows the two sections at before and after failure on rise side. The factor of safety is 1.6 and
1.25 before failure (Figure8) and it indicate temp stability of slope. It leads to failure is due
unfavorable conditions in the mine. The Figure shows the simulation after failure. The factor of
safety after failure is 1.9and1.50. it indicates that the slope is stable.

Before failure

After failure
Figure 4 Simulation of models before and after failure

3.7 Implementation of Mitigation Strategies
Based on risk analysis, the following strategies are proposed:

Layered dumping with compaction.

Geosynthetic reinforcement and toe wall construction.
Grass plantation and vegetation for erosion control.
Proper drainage (surface & sub-surface).
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Figure 5 Mitigation techniques for Slope Stability

3.8 Environmental and Economic Considerations
Another goal is to suggest environmentally and economically sustainable solutions, which:

e Reduce land degradation.
e Minimize rehabilitation costs.
e Comply with legal and environmental standards (MoEF guidelines).

2840 Pritesh Umrao Dupare et al 2834-2851



Journal of Computational Analysis and Applications VOL. 33,NO. 7, 2024

10.48047/jocaaa.2024.33.07.42
4. MODIFICATION AND IMPROVEMENT OVER EXISTING IMPLEMENTATION

4.1 Present State of the Project

In opencast mines, particularly coal and metal mines, dump slope stability is a critical safety and
operational concern. The present system largely relies on empirical methods and field experience,
with limited adoption of modern tools and technologies. The typical practices in many Indian
opencast mines involve:

e Adoption of fixed or standard slope angles without accounting for site- specific soil strength
or hydrological conditions.
Visual inspections for identifying cracks or deformations, often delayed and subjective.

e Simple factor of safety (FoS) calculations based on static soil parameters, ignoring dynamic
influences like water pressure, seismic effects, or blasting vibrations.

e Absence of monitoring systems such as inclinometers or piezometers.

e Poor dumping practices, such as loose tipping, uneven layering, or uncontrolled height
increments.

o Lack of proper drainage systems, which causes water to accumulate in dump bodies,
increasing the chances of slope failure.

e Infrequent or delayed geotechnical investigations.

Due to these limitations, the following risks are observed:

e Slope failure leading to machinery damage or loss of human lives.
e Environmental damage due to spread of overburden.

4.2 After Implementation of the Project

To overcome the challenges of the current system, the project proposes a comprehensive set of
improvements combining geotechnical engineering, monitoring systems, modern tools, and
sustainable practices.

4.3 Advanced Monitoring Techniques
Installation of instruments such as:

Inclinometers to detect horizontal movements.

Piezometers to monitor pore water pressure.

Prism-based systems with Total Stations or GNSS to measure surface movement.

Remote sensing and drone-based photogrammetry for periodic mapping and 3D modeling
of dump profiles.

These systems offer real-time alerts for slope movement and help in predictive maintenance.

4.4 Numerical Modeling and Design Optimization

The numerical method based on finite element method is widely used for slope stability analysis.
The numerical methods take into account the physical constraints under which the over burden
dumps are generated. The effect of tension crack and varied hydrological conditions towards the
stability are also modeled.

The major benefits of numerical modeling are that both the stress and the displacement in a body
subject to external load and imposed boundary condition can be calculated. Today, large number of
different suitable software's/tools based on numerical methods are available for the analyzing the
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slope stability for the dump and open cast slope.

The stability of a slope cannot be determined directly from finite element analyses, but the
computed stresses in a slope can be used to compute a factor of safety.Phases2, based on finite
element method, has been used to calculate the factor of safety by shear strength reduction
technique.

The shear strength reduction technique has two advantages over the conventional approach. The
critical failure surface is found automatically and it is not necessary to specify the shape of the
failure surface. To perform slope stability analysis with the shear strength reduction technique,
simulations are run for a series of increasing trial factor of safety, Ftrial. (Griffiths and Lane, 1999)
The actual shear strength properties cohesion (c¢) and internal friction angle (®) are reduced for each
trial according to the equations 1 and 2. If the multiple materials are present, the reduction is made
simultaneously for all materials. The trial factor of safety is gradually increased until the slope fails.
At failure, the safety factor equals the trial safety factor. The factor of safety is defined according
to the equation

) tang
@, — arctan

4 tial

The numerical model of slope has been developed based on finite element method and limit
equilibrium. The key success of numerical modeling is to consider the representative constitutive
behaviour of dump material. It has been observed from the literature that dump (soil) behaves as a
non- associated elasto-perfectly plastic material. Generally, it obeys Mohr- Coulomb yield function.
It can be expressed as:
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The factor of safety generally used is in the range of 1.2—1.5 for open pit mines. This factor of safety
could either be directly calculated based on limit equilibrium method or indirectly by numerical
modeling based on strength reduction technique. The factor of safety must be greater than 1 for
stable slope. Due to uncertainties involved in determining the properties of material, leaving some
of the parameters in simulation for simplification and presence of some external factors that are not
considered for simulation, it is advisable to have minimum factor of safety of slope as 1.5. The
ranges of minimum total factors of safety as proposed by Terzaghi and Peck and the Canadian
Geotechnical Society are given in Table 3 (Duncan and Christopher 2004). Keeping the above
discussion in mind, Factor of Safety of 1.2 to 1.5 is considered as short-term stability and Factor of
Safety of 1.5 and above is considered for long term stability. The stability analyses were done to
determine the safe dump slope configuration. The foundation of the external dump should be hard
strata. Each stage of dump should be consolidated by compactor for better inherent strength of the
dump material.
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Table 3 Values of minimum safety factors (Duncan and Christopher2004)

Failure type Category Factor of Safety
Shearing Earthworks 1.3-1.5
Earth retaining structures, 1.5-2.0
excavations
Foundations 2-3

Table 4 Factor of safety at different bench height for alluvial soil

Sr. Thickness Hel.g.ht of Width Bench Overall Factor
individual
No of bench of bench angle slope of
Alluvial ench (m) (m) (degree) angle safety
soil
1 6 6 6 45 45 1.55
2 12 6 6 45 34 1.60
3 18 6 9 45 29 1.54
4 24 6 12 45 23 1.51
5 30 6 15 45 22 1.52
6 36 6 18 45 22 1.52
7 42 6 20 45 20 1.51

Slope design is improved using software like:

e SLOPE/W, PLAXIS, or FLAC for simulating slope conditions and calculating safety
factors under various loading conditions (e.g., rainfall, seismic).

e Consideration of site-specific parameters (e.g., internal friction angle, cohesion, moisture
content) for customized slope angles.

e Application of benching or terracing to reduce run-off velocity and improve stability.

4.5Improved Dumping Practices

Layer-wise dumping with proper compaction after every 1.5 to 2 meters.

Use of dozers and compactors to avoid voids in dump bodies.

GPS-controlled dumpers for precise and uniform dump shaping.

Geosynthetic materials (geogrids, geotextiles) to improve dump strength and limit
settlement.

4.6 Effective Drainage and Water Management

e Construction of toe drains, garland drains, and surface diversion channels to prevent water
infiltration.

e Proper slope grading to ensure surface run-off and reduce erosion.

o Installation of evaporation ponds and rainwater harvesting pits to manage rainfall impact.
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Table 5 Impact After Implementation

Parameter Before Implementation Parameter
After Implementation

1.3—1.5 (improved &

Factor of Safety (FoS) 1.1-1.2 safer) Monitoring

o Manual and periodic .

Monitoring Real-time and automated Monitoring

Failure Risk High Significantly reduced

Env1ropmental Weak Improved

Compliance

Water Management Poor Efﬁment with cont.rolled
drainage Compaction

Compaction Irregular/Loose Controlled and engineered

Safety At Risk Strong early warning
system

4.7 Scope and Significance of the Project

The scope of this project encompasses a comprehensive study of dump slope stability in opencast
mines, with a focus on identifying the key geotechnical, hydrological, and operational risk factors
contributing to slope failure and proposing effective mitigation strategies. This project aims to
bridge the gap between traditional empirical approaches and modern scientific methods in dump
design and monitoring. It involves an in-depth analysis of existing dump management practices, the
integration of advanced monitoring systems, and the application of analytical and numerical
modeling techniques to ensure more accurate slope stability assessments. The research also includes
case studies and field data from Indian opencast mines, where dump instability has posed significant
operational challenges. The overall objective is to enhance slope safety, optimize dump design,
reduce environmental degradation, and prevent loss of life and property due to slope failures.

The project is significant in the context of the increasing depth and scale of opencast mining
operations in India and around the world. As mining activities progress deeper, the volume of
overburden material generated also increases, necessitating the construction of higher and more
complex dump slopes. These dumps, if not properly designed and managed, can become unstable,
leading to catastrophic failures. Such failures can cause equipment damage, operational delays,
economic losses, and even fatalities. Therefore, ensuring dump slope stability is not only a matter
of operational efficiency but also a critical component of mine safety and environmental
responsibility. This project directly contributes to the industry’s need for sustainable and
scientifically guided dump management.

The significance also lies in the integration of modern technologies such as real- time monitoring
through inclinometers and piezometers, remote sensing tools like drones and LiDAR, and the use
of slope stability analysis software. These advancements help in better prediction, early warning,
and timely mitigation of slope failure risks. By comparing the results from traditional methods and
advanced numerical models, the project highlights the effectiveness and necessity of adopting
modern practices in dump slope assessment. Furthermore, the use of geosynthetic materials and
engineered compaction methods as part of the mitigation measures introduces practical, cost-
effective solutions that can be applied in diverse geological settings.

This research also contributes to the broader goals of sustainable mining by promoting
environmentally sound practices such as proper drainage, controlled dumping, and vegetation of
dump slopes. The project outcomes can serve as guidelines for mining engineers, geotechnical
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consultants, and policymakers to develop and implement safer and more sustainable dump designs.
In essence, the project not only addresses current gaps in dump slope management but also paves
the way for future innovations in mine safety and environmental stewardship. It aligns well with
the growing demand for responsible mining practices and reinforces the importance of applying
engineering principles to solve real-world problems in the mining industry.

5. TOOLS AND TECHNOLOGY USED

5.1 Geotechnical Investigation Tools

Accurate geotechnical data is the foundation of slope stability analysis.

> Borehole Drilling and Sampling

Geotechnical boreholes are drilled to extract core samples from various depths. These samples help
determine soil and rock properties such as cohesion, angle of internal friction, density, and moisture
content.

» Cone Penetration Test (CPT) and Standard Penetration Test (SPT)

Used in soft formations to evaluate soil strength and stratigraphy.

5.2 Slope Monitoring Systems

To assess real-time slope behavior and detect early warning signs of failure:

> Inclinometers

Measure lateral ground movement within the dump body and along critical slip surfaces.

> Extensometers & Settlement Plates

Used to measure vertical and horizontal deformations in the dump material.

» Prism & Total Station Surveys

These provide precise 3D monitoring of slope movements over time.

» Ground-Based Radar and LiDAR

Advanced scanning technologies like Slope Stability Radar (SSR) and LiDAR detect millimeter-
scale displacements across large areas of the slope in real time.

2845 Pritesh Umrao Dupare et al 2834-2851



Journal of Computational Analysis and Applications VOL. 33,NO. 7, 2024

10.48047/jocaaa.2024.33.07.42

Data Center

I Analysis Module

Analysis \ E
Software % “f/
= A

Figure 6 Instrumentation and Data Processing Framework for Slope Monitoring

5.3 Remote Sensing and GIS Tools

» Satellite Imagery and UAVs (Drones)
High-resolution satellite and drone-based surveys are used for topographic mapping, volumetric
analysis of dumps, and vegetation cover assessment. UAVs also help map inaccessible or hazardous
dump slopes.

» GIS Software (e.g., ArcGIS, QGIS)

Used for spatial analysis of terrain features, drainage, slope angles, and identifying potential risk
zones.
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Figure 6 Study Area Map and UAV-Derived 3D GIS Models for Slope Analysis

6. NUMERICAL MODELLING AND SIMULATION SOFTWARE

These are critical for assessing the Factor of Safety (FoS) and predicting failure mechanisms.

» Limit Equilibrium Methods (LEM)

Tools like SLIDE, GEOSLOPE, and SLOPE/W are used to calculate FoS for various slip surfaces

under different loading and saturation conditions.

» Finite Element Modelling (FEM)

Software like PLAXIS, FLAC, or RS2 is used for detailed stress-strain modeling of dump materials
and interface zones between dump and native soil.
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Figure 7 3D Slope Stability Model Developed in PLAXIS LE

7. DRAINAGE AND SEEPAGE CONTROL TECHNOLOGIES

Water infiltration is a major factor in slope failure.

> Horizontal Drains & Toe Drains

Installed to reduce pore water pressure in the dump slope and prevent saturation-induced failures.

> Surface Water Diversion Channels & Gabions

Designed to direct rainwater and runoff away from dump slopes, reducing erosion and infiltration.

(a) ,\‘ (b) . ,\‘

Collaspe

Figure 7 Effect of Surface Water Diversion Channels and Gabions on Dump Slope Stability
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8. REINFORCEMENT AND STABILIZATION MEASURES

» Geo-synthetics (e.g., Geogrids, Geotextiles)
Used to improve dump stability by reinforcing weak zones, increasing internal strength, and
controlling erosion.

» Retaining Structures
Gabion walls, crib walls, or reinforced earth structures are constructed at the dump base or benches
to provide lateral support.

» Vegetative Stabilization (Bio-engineering)

Grasses and shrubs are planted on slopes to bind the soil and reduce erosion from rain and wind.

(b)
Figure 8 Slope Stability Improvement through Vegetative Bio-Engineering

9. RISK ANALYSIS AND DECISION SUPPORT TOOLS

» Probabilistic Risk Assessment Tools
Used to assess failure probability under variable conditions like rainfall, dump height, or seismic
loading.

» Decision Support Systems (DSS)
Integrate field monitoring data, geotechnical parameters, and simulation results for real-time slope
stability decision-making.

» Machine Learning & Al Integration

Recent trends include using ML models (e.g., ANN, Random Forest) for predictive analysis of slope
failures based on historical and real-time data.
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Figure 9 Radar-Based Monitoring of Slope Stability in Open-Pit Mines

10. CONCLUSIONS

With the implementation of these improved methods, the stability of dump slopes in opencast mines
can be significantly enhanced. A shift from conventional practices to scientifically-backed, data-
driven, and proactive approaches helps in reducing the risk of failure, ensures worker safety,
protects equipment and environment, and improves overall mine productivity. These modifications
represent a sustainable step forward in modern mining operations and should be widely adopted
across Indian opencast mining projects.
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