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 Slope stability and bench safety in iron ore open-pit mines in western India are 
comprehensively analysed in this research. To evaluate current mining conditions and 
identify areas at risk, the study integrates comprehensive field observations, laboratory 
testing, and advanced slope stability modelling using Slide 6.0 software. Factors of 
safety (FOS) of various mining sections varied from 0.475 to 1.495, as per limit 
equilibrium analysis with Slide 6.0. This signifies the presence of possibly unstable 
slopes that require certain stabilisation measures to ensure operational safety. The 
research considers how significant environmental factors, like temperature, wind 
speed, rainfall, and soil moisture, influence slope stability in addition to the 
geotechnical analysis. Rainfall and soil moisture were found to have a high and 
statistically significant positive correlation (Pearson correlation = 0.706, p = 0.005), 
implying that an increase in rainfall results in increased soil moisture content, which in 
turn affects the behaviour of slopes. Also, a moderate degree of negative relationship 
between temperature and wind speed was revealed (partial correlation = -0.593, p = 
0.042), meaning that smaller wind speeds are characteristically associated with 
increased temperatures. These findings highlight the importance of continuous 
monitoring of the environment in open-pit mine operations and the importance of 
considering environmental factors when assessing slope stability. The information 
collected in this study provides a solid foundation for developing valuable 
recommendations intended to enhance safety, better control slopes, and promote the 
long-term development of mining activities in the region. 
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1. Introduction 

In the context of rising industrial demands, 
open-pit iron ore mines play a crucial role in 
fulfilling the global need for raw materials for the 
steel sector as well as other demanding industries. 
Yet, the imperative to explore deeper into the 
earth's crust to access further deposits poses 
significant challenges to maintaining slope stability, 
a cornerstone of safe and environmentally sound 
mining practices [1]. This research delves into the 
complex dynamics of enhancing bench parameters 
within an open-pit iron ore mine in Maharashtra, 
India. The study with the help of limit equilibrium 
analysis as a foundational tool, optimizes mine 
design in the pursuit of safer and sustainable 
excavation practices [2]. The intricacies of 
optimizing open-pit mine benches are due to their 

large size, different rock types, and the risks of 
slope failure [3].  

When mines go deeper, slopes often need to be 
steeper due to limited space, which exacerbates the 
risk of slope failure [4], a scenario with historical 
precedence of leading to catastrophic outcomes due 
to suboptimal design and maintenance regimes [5]. 
Blasting, excavation, and routine activities can 
further make slopes less stable [6]. The call for 
sustainable mining practices is growing, 
emphasizing the need to balance mining with safety 
and care for the environment [7]. This study supports 
this by combining careful mine design with strong 
stability checks. Thorough geotechnical studies are 
crucial to mitigating risks and ensuring long-term 
mine safety [8]. The present research, conducted at 



Katariya et al. Journal of Mining & Environment, Vol. 17, No. 2, 2026 

 

392 

the Iron Ore Mine (Maharashtra, India), aimed to 
design and evaluate the potential for deepening 
mine benches while ensuring existing slope 
stability [7]. A step by step method was adopted: 
 Field Data Collection: A thorough site 

investigation collected geological information, 
rock samples, and details about the current mine 
layout [9]. 

 Laboratory Testing: The physical and mechanical 
properties of the collected rock samples were 
tested in the controlled laboratory settings to find 
out their strength and stability under different 
conditions [10]. 

 Slope Stability Analysis: Advanced software 
(Slide 6.0) was used for limit equilibrium 
analysis to evaluate current slopes and planned 
modifications of slopes[1]. 

This analysis aimed to identify potential failure 
modes and assess if the proposed design changes 
would help. Upon analysing the results, this 
research aims to develop precise recommendations 
for safer slope design based on established best 
practices [3]. It is expected to identify areas of 
potential instability within current slopes and 
suggest changes to make them safer [5].  

Furthermore, this study will investigate the 
robust drainage system’s role and how monitoring 
help keep slopes stable, as underscored by Kramer 
(1996) and Read & Stacey (2009). Leveraging a 
data-driven methodology and the integration of 
proven practices, this research intends to impart 
useful insights and actionable guidance for safety 
and maintenance of slopes as they go deeper [7]. 
By actively addressing potential stability 
challenges and adopting responsible mine bench 
management strategies [11], this research 
contributes to the progress of sustainable mining 
practices within India [12]. Ultimately, this 
research shows how mining can be done safely and 
responsibly, helping move the industry toward a 
more sustainable future [13]. Nevertheless, the 
study will also address and discuss the limitations 
associated with increased slope heights, such as the 
elevated risk during extreme weather conditions 
[14], to ensure a thorough understanding. 

2. Literature Review 

Amongst the slope vulnerabilities caused 
through rainfall, not all of them happen directly in 
the course of storm disaster, and the effect of 
wetting–drying cycles on the process of rainfall–
evaporation. This is a significant reason for shallow 
slope instability. In the existing study [15], the 
slopes of waste dumps in ospen-pit coal mines in 

Cam Pha, Quang Ninh, Vietnam were studied. As 
the objective of research, the existing study carry 
out investigations on the physical properties of the 
rock change under different wetting and drying 
cycles, using both lab tests and computer 
modelling. The results of the study show that 
wetting and drying cycles greatly affect the 
physical properties and permeability of the rock. In 
the procedure of the wetting–drying cycle, a 
temporary wet zone forms on the slope surface, and 
the dry zone inside the slope gets smaller as the 
number of wetting and drying cycle’s increases. 

In open pit excavation regions, knowing about 
ground conditions (like how deep the soil is, the 
natural slope, and where faults are) helps keep 
mines safe and plan for land recovery. The 
Corporation of Greek Public Power started a 
research program after stability problems happened 
on the south side of the Mavropigi open-pit mine in 
northwest Macedonia. Geotechnical boreholes 
showed steep rock layers and thin fault zones, 
highlighting the need for detailed underground 
imaging to plan for future stability. For this 
perseverance, a geophysical study [16] was done to 
find out how the schist base meets the newer 
sediments and limestone above it. Depending upon 
the high dissimilarity of electrical properties 
among schists and limestones, and also the 
differences in sound properties and layer thickness, 
the seismic methods and ERT (electrical resistivity 
tomography) techniques were carefully chosen. 
The usefulness of these seismic methods was tested 
by creating computer models of how seismic waves 
move through the ground in this area. 

The magnificent super series of mining business 
from the year 2002-2010 is moved out. Currently, 
the mining industry has faced many challenges in 
production in recent years. To recognise the 
production impacting factors, the existing study 
[17] identified important factors and organized 
them using a colour code system for planning. They 
found 29 factors from past studies and expert 
opinions, and checked them using principal 
component analysis. Primary information was 
gathered through a 5-point Likert scale from large 
open-cast mines in India. Additionally, depending 
upon the loading features of qualities, a colour 
categorization system was used to identify which 
factors are most important. The existing paper 
shows how this colour coding can help managers 
focus on the most important issues, making mine 
operations more efficient. The attentiveness needed 
for each trait is associated with colour codes. This 
insinuation shows that priorities could be stable on 
productivity inducing attribute in joining them via 
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a colour codification structure. Operational level 
administration of mining arena could address these 
production features in a more effectual way. The 
innovation lies in arranging the production 
influencing features grounded on a priority of 
colour coding structure. Application of this method 
could transform operative strategies in elevating 
open-cast mining arena. 

Mining an open-pit excavation with a steep 
angle, while keeping both production and safety in 
mind, is a major challenge. The existing research 
[18] proposed a plan for designing slopes in a large 
open pit iron-ore mine with complex geology. The 
features of the mine were mapped, and lab tests 
were done to understand the rock properties. The 
kinematic examination of the early slope design 
displayed wedges-shaped failures in the benches. 
To fix this, they studied bench-scale wedge failures 
and chose the best pit design by changing the slope 
angle and pit location. It was found that a final 
slope angle of about 35° with a stripping ratio of 
about 3.5 gave the best safety and efficiency. 

The best way to extract resources while keeping 
slopes stable has been a main topic in mining 
engineering. Many studies have helped improve 
how we understand and apply slope stability. 

Notably, research has highlighted the 
importance of integrating dynamic optimization 
methods that account for uncertainties in rock mass 
strength, allowing for differentiated slope designs 
across various zones of a mine [19]. This makes 
decision-making more flexible and safer. In 
another study focused on the Tolay coal mine, the 
application of Limit Equilibrium Methods 
(LEM) and Finite Element Methods (FEM) 
demonstrated that adjusting slope angles can 
greatly improve the Factor of Safety (FOS), 
underscoring the need for tailored slope designs 
based on local geological conditions [20]. 
Furthermore, investigations into large-scale slope 
stability emphasize the geological structure and 
groundwater are significant in maintaining slopes 
safe as mines get deeper. The combined use of 
numerical modelling and traditional stability 
analysis methods has been found to make slope 
assessments more reliable, especially in iron ore 
mines where both safety and high production are 
important. Overall, these studies support a 
systematic approach that uses ground studies, 
advanced modelling, and flexible management to 
mine resources safely and efficiently [21]. 

It integrates field data, laboratory tests, and 
stability analysis using Slide 6.0 software to refine 
bench parameters for sustainable mining practices 
[22]. Field data provides insights into geological 

conditions, while laboratory tests, such as direct 
shear and triaxial compression tests, determine 
rock mass properties like cohesion and friction 
angles [23]. Slide 6.0 checks safety under different 
slope shapes and rock conditions, showing how 
slope angle, depth, and features like joints and 
faults affect safety. However, the study has several 
weaknesses that need addressing, including not 
enough field data (which can make geological 
predictions less accurate), using fixed designs that 
don’t consider changes in rock properties, and not 
paying enough attention to environmental impacts 
in slope design. Addressing these gaps is essential 
for achieving sustainable deepening practices that 
balance economic viability with environmental 
responsibility [24]. 

At the Raniganj coalfield in West Bengal, India, 
[25] conducted an innovative study that focused on 
mine dump safety within the mine premises, which 
is an integral part of operational and economic 
viability of open-pit mining operations. The 
research generated high-resolution three-
dimensional (3D) models of mine dumps by 
employing unmanned aerial vehicles (UAVs), 
enabling accurate mapping and assessment of 
dump form. The study identified potential areas of 
instability in the dumps employing numerical 
modelling and a 3D limit equilibrium method. 
Apart from facilitating easier and cheaper 
determination of dump safety, the proposed 
framework also provided recommendations for the 
most optimal dump geometry in the prevailing geo-
mining situation. This approach demonstrates the 
effectiveness of integrating advanced modelling 
and UAV technology for preventive dump control 
and hazard mitigation in open-pit mines. 

The prevailing study [26] applied genetic 
algorithms to address the problem of slope 
instability in highly jointed rock masses in the case 
of Iran's 6th Golbini Jajarm bauxite mine. 
Following extensive field and laboratory 
investigation to characterize rock mass behaviour, 
a genetic algorithm code was developed with the 
Simplified Bishop method as the target function. 
The final safety factor was 1.3 following seven 
iterative steps of identifying and modifying 
significant slip surfaces. Sensitivity analysis was 
adopted to tune algorithm parameters. Through 
systematic removal of weak zones, an improved 
slope angle of 48.44 degrees was achieved. This 
research shows how effective evolutionary 
computation techniques are in enhancing safety 
and slope design optimization in problematic 
geology. 
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By integrating fuzzy set theory with the 
Romana SMR (Slope Mass Rating) classification 
system, [27] made great leaps in the field of rock 
slope stability evaluation. Recognizing the 
limitations of traditional set theory to cope with the 
inherent uncertainties of defining rock masses, the 
study developed a Mamdani fuzzy algorithm with 
825 "if-then" rules. The fuzzy SMR system was 
utilized in open-pit mine slopes, where it showed 
higher accuracy and reliability in assessing the 
stability conditions. A more practical and 
sophisticated assessment of slope stability was 
facilitated by the application of fuzzy logic, 
particularly under conditions where geological 
information may be vague or not very accurate. 
Abbas's research underscores the significance of 
advanced computational intelligence methods in 
geotechnical engineering. 

The existing study [28] study at Mine No. 4, 
Golgohar Sirjan, examined the application of 
benching to expand waste dump capacity and 
maintain stability to handle the pressing issue of 
limited space for waste disposal. The research 
employed Monte Carlo simulation for probabilistic 
analysis and the limit equilibrium method utilizing 
Slide3D software. The capacity of the eastern 
refuse tip was significantly enhanced by adding 
benches, and safety factors based on the Spencer, 
Janbu, and Bishop Methods all approached or 
exceeded satisfactory levels. The outcome 
indicates that with cautious stability analysis and 
systematic geometric adjustment, space constraints 
in extensive surface mining operations can be 
effectively resolved and safe disposal of waste 
ensured. 

The evaluation and control of open-pit mining 
slope and dump stability are distinctly shifting 
towards the adoption of advanced technologies and 
computational methods, as is seen from recent 
literature. Studies based on fuzzy logic, genetic 
algorithms, probabilistic modelling, and UAV-
based mapping have yielded more accurate, 
efficient, and site-specific solutions to long-
standing geotechnical issues. These techniques 
have facilitated more precise identification of 
instability zones, slope and dump design 
optimization, and more advanced risk assessments 
under a range of geological and operational 
conditions. Despite such advances, there remain 
problems, particularly those related to real-time 
monitoring, handling indeterminate or incomplete 
data, and implementation of these methods in 
different mining environments. Based on these 
developments, the present research aims at 

improving slope stability assessment by combining 
sophisticated numerical modelling, laboratory 
testing, and field data, with special focus placed on 
the role of environmental conditions. This holistic 
approach is designed to bridge existing gaps and 
ensure safer, environmentally friendly mining 
practices. 

2.1. Research Gaps 
 The economic implications of every single 

attribute that cannot be composed because of an 
organizational secrecy beneath the existing 
study [17], and in certain instances not assessed. 
The conventional study is restricted to some 
enormously deposited open-cast pits comprising 
of three major mineral rich Indian states. 

 The existing research [18] has not contemplated 
about all the geological conditions. It has only 
considered failure analysis method and not 
given suggestions for adopting successive and 
solution measures to overcome the failure in 
mining process.  

 The dynamic effects of environmental factors 
(like temperature, wind speed, precipitation, and 
soil moisture) on dynamic dump or slope 
stability in real-time are not completely 
incorporated in the UAV-based stability 
assessment with a focus on geometric mapping 
[25]. 

 Benchmarking and probabilistic assessments 
[28] enhance dump capacity and safety, but they 
often neglect the long-term, cumulative impacts 
of environmental conditions. 

3. Methodology 

Investigation scrutinizes an open-pit iron ore 
mine situated in Maharashtra State, western India. 
Leveraging full mechanization, the mine achieves 
efficient ore extraction across a large project area 
of over 94.7 hectares. It boasts a projected annual 
production capacity of approximately 3.68 lakh 
tonnes of iron ore, characterized by an iron content 
ranging between 55-60%, in addition to the 
removal of around 13.99 lakh tonnes of waste 
material. The ore extracted is destined for both 
domestic consumption and international markets, 
fulfilling stringent quality standards requisite for 
export and addressing the demands of the domestic 
steel industry as necessary. Historically deemed 
uneconomical due to its lower grade, the prevailing 
global demand for such iron ore has now made the 
project commercially viable. The mine is expected 
to create jobs and help the local economy by 
improving infrastructure. 
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Figure 1. Location of Study Area, Local Geological & Mine Condition 

3.1. Local Geology of the Iron Ore Deposit  

The iron ore deposit situated within the marked 
lease area demonstrates a predominant northwest-
southeast orientation, with the general strike 
direction extending from N270° to N290°. 
Nonetheless, some local changes are seen, with 
certain sectors exhibiting an east-west strike 
alignment. The ore body leans toward the northeast 
at angles ranging from 42° to 55°, displaying dip 
directions fluctuating between north and northeast. 
Spanning approximately 2.3 kilometers within the 
lease area, the deposit features an average thickness 
varying from 25 to 45 meters. Notable breaks are 
present in the lease's eastern sector, caused by 
structural changes and igneous rocks, which have 
broken up the ore body. Such geological events 
have likely resulted in the formation of dykes and 
sills, breaking the ore deposit's continuity. The iron 
ore deposit is part of a bigger sequence of rock 
layers, including: Laterite: This topmost stratum is 
characterized by laterite, with thicknesses typically 
ranging between 10 to 20 meters. Phyletic Clay: 
Positioned beneath the laterite layer, this stratum 
consists of phyletic clay, averaging 20 to 25 meters 
in thickness. Iron Ore Zone: The primary focus, the 
iron ore zone, encompasses lumpy iron ore (5-7 
meters) and blue dust (20-40 meters). 
Limonitic/Manganiferous Clay with Schists: 
Situated below the iron ore zone, this layer 
comprises limonitic/manganiferous clay mixed 
with schists, with variable thicknesses from 25 to 

55 meters. Basement: The sequence's foundation is 
formed by siliceous clays/quartzite, making up the 
bottom of the deposit, and is 30 to 60 meters thick. 

3.2. Mining Method and Equipment  

The mine adopts an open-cast mechanized 
methodology for the effective extraction of 
minerals, employing an array of heavy machinery 
such as excavators, dumpers, loaders, rippers, and 
dozers. This equipment replaces conventional 
drilling and blasting techniques, ensuring a safer 
and more controlled operational environment. 
Presently, the lease area encompasses two 
operational pits, with the foremost, Pit 1, extending 
over dimensions of 203m by 660m and reaching 
depths from 51.8m to -49.3m. Benches are made 6 
meters high and 8-10 meters wide in both ore and 
waste areas to help with organized digging. 
Furthermore, mine roads are carefully developed to 
be 10-12 meters wide, featuring a 1:16 incline, so 
machines can move easily. The overarching 
principles guiding operations are safety and 
mineral conservation, which are meticulously 
integrated in the slope design to fit the local 
geology. Hydraulic excavators are employed for 
the loading of run-of-mine (ROM) material and 
overburden/waste, which are then conveyed to 
predetermine disposal areas or to mobile crushing 
and screening units. These units, with a processing 
capacity of 400 tons per hour, process the ROM by 
separating crushed and screened materials, getting 
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them ready for storage or shipping. In meeting the 
varied requirements of users, fines and lumps are 
carefully separated and sold differently. 

3.3. Geotechnical Framework and Methodology 

This research examines the stability of open-pit 
mine benches through a comprehensive, multi-
stage methodology that encompasses field work, 
laboratory testing, and advanced slope stability 
analysis [9]. Each phase of the study yields critical 
insights about the geotechnical characteristics and 
potential instability risks for the mine benches. 
Leveraging a data-centric strategy, the 
investigation facilitates the formulation of 
optimized management practices aimed at 
enhancing the long-term sustainability of the 
mining operations [29]. For visual reference, 
Figure 1 shows the layout of the current mine 
benches. 

3.3.1. Field Investigation  

The foundation of effective and sustainable 
mine deepening strategies is rooted in thorough 
field investigations. This research collected 
important ground data using standard methods and 
new technology to understand the geology and 
current conditions of the mine benches in the Indian 
milieu. 

A. Topographical Surveys: Precision 
Mapping of the Terrain 

Utilization of advanced surveying technologies, 
including total stations and Differential GPS 
systems, facilitated the generation of highly 
accurate topographical maps of the dump sites. 
These maps helped with: 
 Precise Slope Angle Analysis: Identification of 

areas with potential instability risks associated 
with steep or irregular slopes. 

 Topographical Feature Assessment for 
Instability Risks: Examination of drainage 
patterns, erosion channels, and other 
geomorphological elements contributing to 
instability. 

 Optimized Bench Design and Mitigation 
Strategy Formulation: Customization of bench 
geometries and implementation of specific 
mitigation measures targeting identified 
topographical vulnerabilities. 

B. Lithological Sampling: Revealing 
Material Composition 

 Systematic collection of soil and rock samples 

from varied bench depths ensured a 
comprehensive representation of the 
geotechnical characteristics of the dumps. This 
vital information underpinned further laboratory 
analyses, facilitating: 

 Determination of Material Physical and 
Mechanical Properties: Insights into strength, 
cohesion, and density vital for stability 
assessments and design enhancements. 

 Weathering Susceptibility and Material Behavior 
Evaluation: Identification of materials vulnerable 
to degradation and their anticipated response 
under diverse environmental conditions. 

 Stability Enhancement Recommendations: 
Formulation of advice tailored to the specific 
material attributes and identified vulnerabilities. 

C. Structural Mapping: Unravelling 
Geological Vulnerabilities 

Acknowledging the profound impact of 
geological structures on bench stability, this study 
meticulously charted faults, fractures, or bedding 
planes potentially affecting stability. This 
comprehensive mapping yielded critical insights 
into: 
 Identification of Zones with Elevated Failure 

Risks: Pinpointing regions at heightened risk of 
collapse or movement due to structural frailties. 

 Targeted Mitigation Strategy and Preventive 
Measures Development: Application of specific 
reinforcement or drainage interventions to 
mitigate structural challenges. 

 Further Investigation and Monitoring Area 
Identification: Highlighting regions with intricate 
or ambiguous structural characteristics for 
additional scrutiny and continuous observation. 

Through addressing these pivotal components 
of field investigations, this research established a 
solid groundwork for devising effective and 
sustainable strategies for mine deepening, with an 
unwavering commitment to safety and ecological 
stewardship. 

3.3.2. Laboratory Testing 

Comprehensive laboratory analyses were 
performed on geological samples retrieved from the 
mine benches to determine their significant 
geotechnical attributes, essential for the 
assessment of slope stability dynamics and the 
guidance of design frameworks. These investigative 
procedures rigorously conformed to internationally 
recognized protocols while integrating specific 
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considerations pertinent to the geotechnical 
characteristics of Indian terrains. 

Bulk Density Assessment  

Utilizing standard compaction methodologies, 
the density of soil specimens was quantified. Soil 
density emerges as a critical factor impacting 
hydrological penetration and the propensity of 
mass displacement phenomena. An in-depth 
understanding of soil density facilitates the 
forecasting of hydro-logically induced instabilities, 
thereby guiding the development of the appropriate 

countermeasures.
  

To ascertain the shear strength properties of the 
soil specimens collected from the mine benches, 
direct shear examinations were conducted [30]. 
This technique, despite its invention by Coulomb in 
1776, remains a valuable tool for understanding soil 
behavior [31]. The assay encases a soil specimen 
within a bisected shear box apparatus, where the 
lower segment remains static while the upper 
segment is subjected to a regulated lateral shear force 
under an applied normal load to mimic in-situ stress 
conditions. 

 
Figure 2. Schematic diagram of Direct Shear Testing in the Laboratory [32] 

The experiment records shear displacement and 
stress, enabling the quantification of vital 
geotechnical metrics such as cohesion (C) and 
internal friction angle (φ), paramount for deducing 
the soil's shear capacity and, by extension, the 
stability of mine benches under diverse load 
conditions (Mitra & Singh, 2022), as expressed by: 

݊ .ߪ = ߬ . Tan (߮) (1) 

Where, τ is the shear stress,  
τ n is the normal stress,  
And φ is the friction angle.  
 

This foundational knowledge underpins 
effective assessments and designs for slope 
stability. Collection, Preparation and testing of 
samples in the Laboratory is illustrated in the 
Figure 2. 

In this study, the direct shear tests were 
conducted in the laboratory following established 
testing procedures. The samples were subjected to 
varying vertical stresses (e.g., 0.2 kg/cm², 0.5 
kg/cm², 0.75 kg/cm², and 1 kg/cm²) to simulate 
different loading scenarios within the mine. The 
maximum shear forces recorded during the tests 
were then used to calculate the cohesion and angle 

of friction for each sample [33]. 

3.3.3. Slope stability Analysis: Quantifying 
stability 

The limit equilibrium method, implemented 
through Slide 6.0 software, was employed to 
analyse the stability of the mine benches under 
various loading conditions [34]. This well-
established approach is widely used in slope 
stability assessments and facilitates the evaluation 
of potential failure mechanisms and their impact 
on stability [35]. Shear properties of various 
samples have been illustrated in the Table 1. 

The table 1 presents the geotechnical properties 
of various strata types, specifically their cohesion 
values (in kilopascals) and angles of friction (in 
degrees). Dyke Clay exhibits the highest cohesion 
at 33.3 kPa and a moderate angle of friction of 
35.71°, indicating good stability, while Phyllitic 
Clay shows slightly lower cohesion at 30.8 kPa 
with a reduced angle of friction of 32.96°. High 
Grade Ore has a lower cohesion of 25.5 kPa but a 
notably high angle of friction at 47.14°, suggesting 
that while it may not be as cohesive, it can resist 
sliding effectively due to its frictional properties. 
Manganiferous Clay and Silica (BIF) have similar 
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cohesions (25.6 kPa and 22.6 kPa, respectively) but 
differ in friction angles, with Silica showing a 
higher resistance to sliding at 42.08°. Laterite Clay 
possesses a cohesion of 31.7 kPa and an angle of 
friction of 38.75°, while Laterite stands out with the 
lowest cohesion at 26.1 kPa but the highest angle 

of friction at 53.24°, indicating its potential for 
stability despite lower cohesiveness. Overall, the 
data highlights the varying mechanical properties 
of these strata, which are crucial for understanding 
their behavior in engineering applications and 
slope stability assessments. 

Table 1. Shear Properties of Various Samples 
SL. No. Strata type Cohesion, KPa Angle of Friction (deg) 

1 Dyke Clay (Altered dyke) 33.3 35.71 
2 Phyllitic Clay 30.8 32.96 
3 High Grade Ore 25.5 47.14 
4 Manganiferous Clay 25.6 39.23 
5 Silica (BIF) 22.6 42.08 
6 Laterite Clay 31.7 38.75 
7 Laterite 26.1 53.24 

 
The investigation employed a two-dimensional 

(2D) analytical framework under plane strain 
conditions, aligning with standard methodologies in 
slope stability assessment [36]. This approach 
incorporated the examination of circular slip 
surfaces, commonly identified in the failure 
mechanisms of mine dumps [37], in conjunction 
with material characteristics ascertained through 
exhaustive laboratory evaluations. 

The Factor of Safety (FoS) served as the 
principal metric for evaluating stability, 
incorporating adjustments to address the unique 
geological intricacies present within the Indian 
mining landscape [38]. Through the meticulous 
analysis of these elements, the study aspires to 
achieve an intricate understanding of the 
geotechnical attributes and stability considerations 
pertaining to the benches of the Iron Ore Mine [7]. 
The insights garnered from this analysis are 
anticipated to facilitate the refinement of bench 
design parameters, bolster long-term operational 
sustainability, and foster adherence to ethical 
mining practices within the Indian context [2]. 

3.3.4. Comprehensive Evaluation of Slope 
Stability 

This study employed a multifaceted approach 
to comprehensively assess the stability of the mine 
benches, moving beyond traditional stability 
analysis. This approach considered various factors 
that can influence slope behavior: 

Geological and Soil Characteristics: The analysis 
integrated the influence of geological features 
and soil composition on slope stability. 
Understanding the interplay between geological 
structures and soil properties is crucial for 
accurate stability assessments [39]. 

External Forces: The impact of external forces 
such as seismic events and heavy rainfall on 
slope stability was evaluated [40]. Considering 
these potential triggers for slope failure is 
essential for designing and implementing 
effective mitigation strategies. 

Diverse Loading Conditions: Slope behavior was 
assessed under various loading scenarios to 
predict potential risks and identify critical 
conditions. Analyzing stability under different 
loading conditions allows for a more robust 
understanding of potential failure mechanisms 
[41]. 

Optimization for Increased Heights: The study 
explored potential modifications to bench 
configurations to enhance stability and enable 
the possibility of increased bench heights, if 
feasible. Optimizing bench design is crucial for 
balancing operational efficiency with slope 
stability [33]. 

Advanced Modelling Techniques: While specific 
software references were removed, the text 
acknowledges the use of advanced modelling 
techniques to gain a comprehensive 
understanding of slope behaviour and inform 
responsible management strategies [34]. 

This comprehensive approach, combining slope 
stability analysis with multifaceted assessments, 
provided valuable insights into the stability of the 
mine benches. This knowledge will be used to 
develop data-driven recommendations for 
optimized bench design, effective mitigation of 
potential hazards, and ultimately contribute to 
sustainable and responsible mining practices. 

4. Results 
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4.1. Analysis of Existing Bench Stability 

This section examines the stability of the 
existing mine benches using a limit equilibrium 
approach implemented through specialized slope 
stability software. Twelve key sections, strategically 
chosen and labelled "200 East Left" to "400 North," 
were rigorously analyzed to assess the balance 
between soil masses and gravitational forces [42]. 
The Factor of Safety (FOS), an essential metric for 
evaluating slope stability, was determined for each 
cross-section. This metric quantifies the balance 
between the slope's resisting forces, which 
counteract movement, and the driving forces that 
precipitate instability. An elevated FOS denotes a 
higher safety margin. Adjustments were made 
within the analysis to accommodate the unique 
geological conditions prevalent in India. 

Employing the limit equilibrium approach, 
recognized for its applicability in slope stability 
evaluation, the analysis presumed two-
dimensional (2D) sections and circular slip 

surfaces as standard models for simulating 
potential failure mechanisms in slopes [6]. An 
advanced computational technique within the 
software facilitated a nuanced assessment of each 
section's stability [10], adhering to industry norms 
and setting a minimum acceptable FoS at 1.2 for 
ensuring long-term structural integrity [43]. Visual 
outcomes, delineated in Figures and concisely 
aggregated in Table 3, revealed divergent FOS 
values across the sections, indicating varying 
stability levels. Notably, sections labeled 250 north 
and 350 East Left necessitate additional scrutiny 
due to their diminished FOS values, highlighting 
them in Figs 2 to 6. The spectrum of FOS values 
observed, ranging from 0.475 to 1.495, intimates 
the potential for both superficial and profound 
instabilities, the former involving minor soil 
displacement and the latter encompassing 
comprehensive bench movement. Presently, the pit 
maintains an angle between 18 to 20 degrees, with 
bench heights fluctuating between 5 and 6 meters 
[44]. 

 

  
(a) 200 E left (b) 250 E left 

 

 
(c) 300 E left (d) 350 E left 

 
(e) 400 North 

Figure 3. FOS of existing benches at Different Sections 



Katariya et al. Journal of Mining & Environment, Vol. 17, No. 2, 2026 

 

400 

Table 2. Summary of Factor of Safety (FOS) Values for Existing Sections 
Sl No. Existing Section Minimum FoS Maximum FoS 

1 200 East Left 0.774 1.495 
2 250 East Left 0.817 1.471 
3 300 East Left 0.69 1.404 
4 350 East Left 0.475 1.491 
5 400 North 0.962 1.281 

 
The table 2 summarizes the factor of safety 

(FoS) values for various existing sections, 
indicating the stability of each section under 
consideration. The "Minimum FoS" represents the 
lowest stability threshold, with the 350 East Left 
section exhibiting the most critical condition at 
0.475, suggesting a significant risk of failure. In 
contrast, the 200 East Left section shows a 
minimum FoS of 0.774, which, while still below 
the safe threshold of 1.0, indicates relatively better 
stability than the 350 East Left. The maximum FoS 
values across all sections range from 1.281 for the 
400 North section to 1.495 for the 200 East Left 
section, demonstrating that while some sections 
have acceptable stability under certain conditions, 
others may require immediate attention and 
remedial measures to enhance their safety and 
prevent potential slope failures. Overall, this 
analysis highlights the varying levels of stability 
across different sections and underscores the 
importance of monitoring and addressing areas 
with low FoS values. 

A systematic analysis of existing bench 
parameters has been conducted. This analysis 
identified potential areas of instability in sections 
250 and 350 east Left, as evidenced by their lower 
FOS values (Table 2). These sections warrant 
further investigation and potential mitigation 
strategies. Considering relevant external factors 
and potential weaknesses will guide informed 
decision-making to ensure the long-term stability 
and safety of the mine operations. Ultimately, this 
approach contributes to responsible and sustainable 
mining practices that minimize environmental and 
safety risks. 

 
 
 
 

4.2. Analysis of modified bench stability 

Following the initial stability assessment that 
identified potential concerns, this study optimized 
bench parameters to enhance stability and resource 
utilization within the limited operational area. The 
analysis considered the unique challenges of the 
Indian subcontinent, such as variable rainfall 
patterns, seismic activity, and specific soil 
properties. 

It focused on optimizing key parameters like 
bench height, width, and slope angles. The 
redesigned configurations, as shown in Figure 8 
adopted a standardized format with a consistent 
height pof 6 meters, width of 8 meters, and 
individual bench angles of 63° within an overall 
slope angle of 36°. These modifications aimed to 
achieve a balance between maximizing resources 
extraction and maintaining slope stability. 

 
Figure 4. New modified bench parameters for stability 

To rigorously assess the effectiveness of these 
redesigned benches, limit equilibrium analysis was 
employed using specialized slope stability 
software. Figures 9 visually represent the Factor of 
Safety (FOS) values for each modified section (200 
East Left to 400 North), providing a spatial 
illustration of their stability behaviour under the 
proposed design. 
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(a) 200 with FoS East Left (b) 250 with FoS East Left 

  
(c) 300 with FoS East Left (d) 350 East Left 

 
(e) 400 North with FOS 

Figure 5. Modified Sections  

The limit equilibrium analysis of the redesigned 
benches yielded minimum FOS values ranging from 
0.905 to 0.996 across sections. While these values 
suggest the potential for isolated, shallow instability 
issues in certain areas like sections 200 east Left and 
250 East Left, the maximum FoS values reached a 
reassuring 1.390 to 1.491 for critical zones prone to 

failure. This signifies an overall improvement in 
stability for most sections due to the proposed 
modifications. Table 3 summarizes the minimum and 
maximum FOS values for each modified section, 
providing a clear comparison for informed decision-
making regarding bench design. 

Table 3. Summary of FOS Values for Modified Bench Sections 
Sl No Modified Section Minimum FoS Maximum FoS 

1 200 East Left 1.075 1.491 
2 250 East Left 0.914 1.439 
3 300 East Left 1.258 1.464 
4 350 East Left 1.313 1.468 
5 400 North 1.288 1.483 

 
The table 3 presents the factors of safety (FoS) 

for various modified sections in a slope stability 
analysis. Each section is evaluated with a minimum 

and maximum FoS, indicating the range of stability 
under different conditions. For instance, the 200 
East Left section has a minimum FoS of 1.075 and 
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a maximum FoS of 1.491, suggesting that it is 
relatively stable but close to the threshold of safety. 
In contrast, the 250 East Left section shows a 
concerning minimum FoS of 0.914, which falls 
below the commonly accepted safety threshold of 
1.0, indicating potential instability. The other 
sections, such as 300 East Left (minimum FoS of 
1.258) and 350 East Left (minimum FoS of 1.313), 
demonstrate adequate safety margins, while the 
400 North section maintains a minimum FoS of 
1.288. Overall, these findings highlight varying 
levels of stability across the modified sections, with 
particular attention needed for the 250 East Left 
section due to its insufficient safety factor. 

Based on the stability analysis, maintaining the 
ultimate pit angle of 36° with the redesigned bench 
parameters (height= 6 meters, width = 8 meters, 

individual bench angle = 63°) is recommended. 
This configuration appears to achieve a well-
balanced approach between stability and 
maximizing resource extraction [45]. For long-term 
stability, implementing effective water drainage 
systems for the benches is crucial. This will 
mitigate potential risks associated with water 
accumulation and saturation within the slopes[10]. 

4.3. Analysis of the Correlation between the 
environmental factors that affect mining process 
Correlation – Bivariate 

Bivariate correlation is generally used to define 
the consequence that two or more phenomena 
happen at the same time and hence they are 
associated. This test is adopted to prove the 
correlation between soil moisture and rainfall. 

Table 4. Bivariate Correlations 

 Rainfall Soil Moisture (%) 
(Season wise data) 

Rainfall 
Pearson Correlation 1 .706** 

Sig. (2-tailed)  .005 
N 13 13 

Soil Moisture (%) 
(Season wise data) 

Pearson Correlation .706** 1 
Sig. (2-tailed) .007  

N 13 13 
**. Correlation is significant at the 0.01 level (2-tailed). 

 
The table 4 presents the Pearson correlation 

analysis between rainfall and soil moisture based 
on seasonal data. A correlation coefficient of 0.706 
indicates a strong positive relationship between 
rainfall and soil moisture, suggesting that higher 
rainfall is associated with increased soil moisture 
levels. The significance value of 0.005 (p < 0.01) 
confirms that this correlation is statistically 

significant, indicating that the observed 
relationship is highly unlikely to be due to chance. 
With a sample size (N) of 13 for both variables, 
these results underscore the importance of rainfall 
in influencing soil moisture content in the analysed 
seasons, highlighting a robust connection that can 
have implications for agricultural practices and 
water resource management. 

 
Figure 6. Model for Correlation between Rainfall and Soil Moisture 

The table and figure mentioned above 
demonstrate the correlation test outcome and visual 
model to determine the association among test 

variables such as rainfall and soil moisture for 
season-wise data. With a p-value of 0.005 and a 
Pearson correlation of 0.706, rainfall and soil 
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moisture show a strong and statistically significant 
positive relationship. A 1.0 on the diagonal of the 
correlation matrix only reflects the degree to which 
each variable is related to itself and has nothing to 
say about the degree to which multiple variables 
relate to each other. These results corroborate the 
idea that during the seasons being investigated, 
greater rainfall is associated with greater soil 
moisture. 

Correlation – Partial 

This analysis test is implemented to determine 
the relationship among two variables considered 
for the study. The correlation value demonstrates 
the relationship among the variables. This test is 
adopted to prove the correlation between the 
temperature and wind speed. 

Table 5. Partial Correlations 

Control Variables Temperature (°C) 
(Season wise data) 

Wind Speed 
(Season wise data) 

 

Temperature (°C) 
(Season wise data) 

Correlation 1.000 -.593 
Significance (2-tailed) . .042 

df 0 10 

Wind Speed 
(Season wise data) 

Correlation -.593 1.000 
Significance (2-tailed) .042 . 

df 10 0 
 

The table 5 presents the correlation analysis 
between temperature and wind speed based on 
seasonal data. A correlation coefficient of -0.593 
indicates a moderate negative relationship between 
temperature and wind speed, suggesting that as 
temperature increases, wind speed tends to 
decrease, or vice versa. The significance value of 
0.042 (p < 0.05) indicates that this correlation is 

statistically significant, implying that the observed 
relationship is unlikely to have occurred by chance. 
The degrees of freedom (df) for the analysis is 10, 
which supports the robustness of the findings 
within the context of the sample size used. Overall, 
these results highlight a noteworthy inverse 
relationship between temperature and wind speed 
in the analyzed seasons. 

 
Figure 7. Model for Correlation between temperature and wind speed 

The table and figure mentioned above validate 
the correlation test result and visual model to 
determine the association between temperature and 
wind speed. For a p-value of 0.042, the partial 
correlation coefficient between wind speed and 
temperature is -0.593. This indicates a moderately 
significant negative correlation, i.e., wind speed 
decreases as temperature increases or vice versa. A 
value of 1.000 on the diagonal of the correlation 
matrix indicates the correlation of each variable 
with itself; this value does not matter when 
analysing correlations between other variables. 

These findings suggest that temperature and wind 
speed are inversely related during the study 
seasons, an observation that may have implications 
for the mining process.  

5. Discussion 

This investigation elucidates the stability 
framework of the mine through an integration of 
detailed field investigations, thorough laboratory 
testing, and advanced slope stability analyses. It 
reveals different stability scenarios across different 
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sections, showing the differences. The research 
underscores the utility of limit equilibrium analysis 
for assessing and refining bench parameters to 
enhance the safety of mine-deepening operations. 
The adoption of the recommendations proposed 
herein is anticipated to bolster slope stability, 
thereby facilitating continued mine development in 
compliance with prevailing study standards. 
Further exploration of specific geotechnical 
attributes and environmental conditions may be 
requisite for tailored site-specific applications. 

The attained consequences of the existing study 
[46] showed that changes in the Songun copper 
mine had the biggest effect on financial growth 
(67.72%). The effects on environmental and social 
factors were 41.74% and 39.84%. The biggest 
impacts were on things like productivity, mine life, 
costs, mineral value, revenue, closure cost, 
investment return, and land use after mining. 
Likewise, the results of the present study also 
included a careful check of current bench designs. 
This found possible unstable areas in sections 250 
and 350 East Left, which had low FOS values. 
These areas need more study and possible fixes. A 
detailed case study on modified bench 
parameters in open-pit iron ore mining can 
provide valuable insights into sustainable 
deepening practices and slope stability. For 
instance, specific sections such as "250 
North" and "350 East Left" can illustrate the 
practical implications of optimizing bench 
designs. By adjusting parameters like slope 
angles, bench widths, and heights, significant 
improvements in FoS values can be achieved, 
ensuring enhanced stability and operational 
efficiency. Visuals such as cross-sectional 
diagrams or comparative data tables showing 
changes in FoS values before and after 
modifications would strengthen the practical 
aspect of these findings. Additionally, 
incorporating design adjustments tailored to 
geological and geotechnical conditions in 
these sections can demonstrate how localized 
interventions contribute to overall mine safety 
and sustainability. Such case studies highlight 
the importance of integrating slope stability 
analysis with sustainable resource extraction 
practices to mitigate risks while maximizing 
productivity. Considering relevant external 
factors and potential weaknesses will guide 
informed decision-making to ensure the long-term 
stability and safety of the mine operations [47]. 

Comparing Slide 6.0's limit equilibrium method 
(LEM) results with finite element analysis (FEA) 
provides a robust validation framework for slope 

stability assessments in open-pit mining. Slide 6.0, 
as an LEM-based tool, is simple, fast, and easy to 
use, so it is good for quick checks of safety factors. 
However, its reliance on set failure surfaces means 
it may not work well in complex cases. In contrast, 
FEA offers greater versatility by modelling stress-
strain behavior without prior assumptions about 
failure surface geometry, enabling more accurate 
analysis in heterogeneous or anisotropic 
conditions. Despite its precision, FEA is 
computationally intensive, requires advanced 
expertise, and may face convergence issues in 
certain cases. By benchmarking Slide 6.0 against 
FEA, researchers can leverage the strengths of both 
methods: Slide 6.0 for rapid preliminary 
assessments and FEA for detailed investigations 
ensuring a balanced approach to sustainable slope 
stability practices [48]. 

The Outcomes of the prevailing study [49] 
specified that the operations of mining in whole are 
somewhat maintainable, with a complete score of 
4.20%, and have marginally improved the financial 
and social circumstances when having pretended 
unsustainability in the ecological index. Lastly, as 
the future holistic model reflects both adverse and 
optimistic impacting aspects and also provided an 
accurate value for the distinct and entire 
sustainability in mining activities score. Similarly, 
the results of the current study followed the initial 
stability assessment that identified potential 
concerns, this study optimized bench parameters to 
enhance stability and resource utilization within the 
limited operational area. The analysis considered 
the unique challenges of the Indian subcontinent, 
such as variable rainfall patterns, seismic activity, 
and specific soil properties. It focused on 
optimizing key parameters like bench height, 
width, and slope angles. The redesigned 
configurations, as shown in Figure 11, adopted a 
standardized format with a consistent height of 6 
meters, width of 8 meters, and individual bench 
angles of 63° within an overall slope angle of 36°. 
These modifications aimed to achieve a balance 
between maximizing resources extraction and 
maintaining slope stability. 

The results of the prevailing study [50] 
indicated that the most serious social influence 
groups in profound open-pit mines are workshop 
safety with 13.8%, occupation with 10.9%, and 
income generation with 10.7%. Subsequently, the 
factor's score of social impact was denoted through 
the scenarios defined in the conventional study. 
Lastly, the approach was used to the 
Sungun Copper Mine (SCM) in the northwest of 
Iran for confirmation. The Score of 
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Social Sustainability (Ss) for the SCM was 
demonstrated to be 6.364% that shows a mid-level 
of sustainability. Likewise, the consequences of the 
present research applied the correlation test 
outcome to determine the association among test 
variables such as rainfall and soil moisture for 
season-wise data. If the p-value of correlation test 
is less than 0.05 and Pearson correlation value is 1, 
then the test variables for which we see the 
correlation is positive. The obtained p value for the 
present variables of current research is 0.07 and 
Pearson correlation value is also 1. Hence, it 
demonstrates that safety factors involved in mining 
and environmental parameters such as rainfall and 
soil moisture are correlated.   

Existing Bench Stability: 
 A precise evaluation of the current bench 

configurations uncovered stability issues in 
certain segments. 

 Utilizing Slide 6.0 for limit equilibrium analysis, 
the study discerned Factor of Safety (FOS) values 
spanning from0.475 to 1.495. Notably, segments 
such as 250 North and 350 East Left registered 
critically low FOS values (0.477and 0.475, 
respectively), signaling a heightened risk of 
failure. 

 Although some sections presented acceptable 
FOS values, the observed range indicated the 
potential for both superficial and comprehensive 
bench failure mechanisms. 

Modified Bench Parameters and Improvement: 
 In pursuit of enhanced stability and efficient 

exploitation of resources, a uniform design for 
modified benches was proposed, featuring 
consistent dimensions: Height of 6 meters, 
Width of 8 meters, an Individual bench angle of 
63°, and an Overall slope angle of 36°. 

 Subsequent analysis with Slide 6.0 software 
illustrated marked stability improvements across 
the majority of sections. FOS values were 
recalibrated, now ranging from 0.905 to 0.996 
(minimum) and 1.390 to 1.491 (maximum), 
evidencing the substantial efficacy of the 
redesigned bench parameters. 

5. Conclusions 

In conclusion, this geotechnical study 
successfully evaluated the stability of existing 
open-pit mine benches at the Iron Ore Mine and 
proposed optimized parameters for safe and 
sustainable mine deepening. Serious stability 
problems were found in sections with low FOS, 
leading to clear suggestions that balance working 

well and staying safe. The decision-making 
framework employed prioritized criteria directly 
influencing slope stability, including FoS as the 
primary metric, geological characteristics such as 
soil composition and structural discontinuities, and 
environmental conditions reflected in the 
correlations between rainfall and soil moisture 
(Pearson correlation = 0.706) and temperature and 
wind speed (correlation = -0.593). While explicit 
weighting of these criteria was not included, their 
selection aligns with the study's objectives to 
enhance slope stability and optimize resource 
utilization. To mitigate risks associated with 
localized failures, the study recommends 
maintaining optimal bench geometry, 
implementing robust water management systems, 
and regularly monitoring critical zones for 
potential slope movement. Future research should 
explore the economic feasibility of these 
modifications and consider incorporating advanced 
numerical methods like Finite Element Analysis 
(FEM) or Discrete Element Method (DEM) for 
more accurate assessments. By integrating 
decision-making criteria into slope stability 
assessments, this study contributes significantly to 
responsible mining practices that prioritize safety 
while optimizing resource extraction, ultimately 
benefiting both industry stakeholders and the 
environment. 
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و ایمنی سکو در معادن روباز سنگ آهن در غرب هند در این تحقیق به طور جامع مورد   پایداري شیب 
تجزیه و تحلیل قرار گرفته است. براي ارزیابی شرایط فعلی معدن و شناسایی مناطق در معرض خطر، این مطالعه 

افزار  سازي پیشرفته پایداري شیب را با استفاده از نرمهاي آزمایشگاهی و مدل مشاهدات میدانی جامع، آزمایش 
Slide 6.0   کند. ضرایب ایمنی (ادغام میFOS طبق تحلیل تعادل  1.495تا    0.475هاي مختلف معدن از  ) بخش ،

هاي احتمالاً ناپایدار است که نیاز به اقدامات تثبیت  ، متغیر بود. این نشان دهنده وجود شیب Slide 6.0حدي با  
کند که لیاتی دارند. این تحقیق علاوه بر تجزیه و تحلیل ژئوتکنیکی، بررسی می خاصی براي تضمین ایمنی عم

گذارند.  چگونه عوامل محیطی مهم، مانند دما، سرعت باد، بارندگی و رطوبت خاك، بر پایداري شیب تأثیر می 
آماري معنی  نظر  از  و  و رطوبت خاك همبستگی مثبت بالا  بارندگی  (همبستگی  مشخص شد که  دارند  داري 

شود که به  )، به این معنی که افزایش بارندگی منجر به افزایش رطوبت خاك می p = 0.005، 0.706پیرسون = 
گذارد. همچنین، درجه متوسطی از رابطه منفی بین دما و سرعت باد آشکار ها تأثیر می نوبه خود بر رفتار شیب 

ت باد کمتر به طور مشخص با افزایش دما  )، به این معنی که سرع p = 0.042، 0.593- شد (همبستگی جزئی = 
ها اهمیت نظارت مستمر بر محیط زیست در عملیات معادن روباز و اهمیت در نظر گرفتن  مرتبط است. این یافته

برجسته می  پایداري شیب را  ارزیابی  این مطالعه، پایه آوريکند. اطلاعات جمع عوامل محیطی هنگام  شده در 
ها و ترویج توسعه بلندمدت  هاي ارزشمند با هدف افزایش ایمنی، کنترل بهتر شیبمحکمی براي تدوین توصیه
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