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Abstract 

This study investigates safety management and risk assessment practices in underground coal excavation, 

using Mine-A in Chandrapur, Maharashtra, as a representative case study. The primary objectives are to 

examine various risk assessment techniques, evaluate and analyze past excavation accidents, strengthen 

mine safety through hazard recognition and risk evaluation, and apply systematic risk assessment 

methodologies for effective risk control. A mixed-methods approach was adopted, integrating both 

quantitative and qualitative techniques. Historical accident data from 2014 to 2022 was analyzed alongside 

qualitative tools such as HAZOP, FTA, and ETA. The study covered ten major hazard categories and 

assessed worker exposure across multiple operational roles within Mine-A, which follows the Board and 

Pillar mining method and is classified as Degree-I in terms of gassiness. Results identified fire and 

inundation as high-risk hazards requiring immediate intervention. Medium-risk areas included ventilation 

and strata control systems. Accident data revealed support personnel and general workers as the most 

frequently affected groups. Additionally, national safety data from 2020 to 2022 indicated a consistent 

decline in fatal accidents and injuries, validating the effectiveness of structured risk assessment 

approaches. This study confirms their broader applicability in enhancing coal mine safety performance in 

India. 

Keywords: Risk assessment, Underground coal excavation, Hazard identification, Mine safety, HAZOP 

analysis 

1. Introduction 

The excavation industry represents one of the most hazardous occupational environments globally, 

characterized by complex operational challenges and inherent safety risks (Qureshi, 1988). Excavation 

operations, whether surface or underground, involve continuous interaction with geological formations, 

heavy machinery, hazardous materials, and challenging environmental conditions that can pose significant 

threats to worker safety and operational continuity. Risk assessment in excavation has evolved from 

reactive accident investigation to proactive hazard identification and systematic risk management (Khan 

& Abbasi, 2001). The necessity for comprehensive risk evaluation stems from the industry's history of 
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catastrophic incidents that have resulted in substantial loss of life, environmental damage, and economic 

consequences. Modern excavation operations require sophisticated approaches to identify potential 

hazards, assess their likelihood and consequences, and implement appropriate control measures. The 

complexity of excavation operations demands multi-faceted risk assessment methodologies that can 

address various operational scenarios (Bell & Glade, 2003). Traditional approaches have been 

supplemented by advanced analytical techniques including Hazard and Operability Studies (HAZOP), 

Fault Tree Analysis (FTA), and Event Tree Analysis (ETA). These methodologies enable excavation 

professionals to systematically evaluate potential failure modes, understand causal relationships, and 

develop comprehensive risk management strategies (Carpignano et al., 1998). India's excavation sector, 

particularly coal excavation, has witnessed significant transformations in safety management practices. 

The implementation of structured risk assessment procedures has become mandatory under various 

regulatory frameworks, leading to improved safety performance across the industry (Tripathy & Ala, 

2018). However, the application of these methodologies requires careful consideration of local operational 

conditions, geological characteristics, and technological capabilities specific to underground coal 

excavation environments (Verma & Chaudhari, 2017). 

2. Literature Review 

Risk assessment methodologies in excavation have been extensively studied by various researchers, each 

contributing unique perspectives on hazard identification and risk management strategies. Qureshi (1988) 

emphasized the critical role of Hazard and Operability Studies (HAZOP) in risk analysis of major hazard 

plants, establishing the foundation for systematic risk evaluation in industrial settings. This work 

highlighted the importance of structured approaches to identify potential deviations from normal 

operations that could lead to hazardous situations, particularly relevant for underground coal excavation 

environments. Khan and Abbasi (2001) advanced the understanding of risk analysis by developing the 

ORA (Optimal Risk Analysis) procedure for chemical industries, demonstrating the application of 

quantitative risk assessment techniques. Their research provided valuable insights into the mathematical 

modeling of risk scenarios using consequence and probability assessments, which forms the basis for the 

Risk = Consequence × Probability × Exposure formula employed in excavation applications. Bell and 

Glade (2003) extended risk analysis applications to natural hazards, particularly landslides, showcasing 

the versatility of quantitative risk assessment methodologies across different domains including geological 

risk evaluation in excavation operations. 

Carpignano et al. (1998) explored risk analysis techniques in offshore environments, contributing to the 

understanding of complex operational risk scenarios in challenging environments similar to underground 

excavation conditions. Their work emphasized the importance of environmental factors in risk assessment 

and the need for comprehensive evaluation of external influences on operational safety. Recent studies by 

Jiskani et al. (2020) examined safety climate in surface excavation operations, highlighting the importance 

of organizational culture in risk management across different excavation sectors. Tripathy and Ala (2018) 

focused specifically on Indian underground coal mines, identifying key safety hazards and developing 

localized risk assessment approaches that address the unique challenges of Indian coal excavation 

operations. Verma and Chaudhari (2017) conducted predictive studies on worker safety in Indian mines, 

contributing to the understanding of accident causation and prevention strategies specific to the Indian 
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excavation context. These studies form the foundation for understanding current safety challenges and 

provide the framework for implementing systematic risk assessment methodologies in Indian underground 

coal excavation operations. 

3. Objectives 

Based on the comprehensive analysis of excavation safety challenges and existing research gaps specific 

to underground coal excavation operations, this study focuses on four primary objectives: 

1. Examination of various risk assessment techniques  

2. Evaluation and analysis of past excavation accidents  

3. Strengthening Mine Safety Measures through Hazard Recognition and Risk Evaluation  

4. Application of systematic risk assessment methodologies 

4. Methodology 

This research employs a comprehensive mixed-methods approach integrating quantitative risk assessment 

techniques with qualitative hazard identification methodologies specifically designed for underground 

coal excavation environments. The study design encompasses both retrospective analysis of historical 

accident data from 2014-2022 and prospective evaluation of current operational risks using systematic 

risk assessment frameworks including HAZOP, FTA, and ETA methodologies. The sample for this 

investigation comprises Mine-A, an underground coal mine operated by Western Coalfield Limited in the 

Chandrapur area of Maharashtra, India. This facility represents typical Indian underground coal 

excavation operations with Board and Pillar extraction methods, Degree-I gassiness classification, and 

seam thickness averaging 17.50 meters. The mine operates at depths ranging from minimum 15.5 meters 

(3L/8D from south incline no.1) to maximum 338 meters, covering a total leasehold area of 1030.62 acres. 

Operational infrastructure includes 5 SDL (Side Discharge Loader) units with bucket capacity of 1.3 m³ 

each and axial flow PV-200 exhaust ventilation system with 3.65 meters diameter at the old airshaft, with 

three intake points (Incline No.1, No.2, and new airshaft). 

The primary analytical tool employed is the systematic risk assessment formula: Risk = Consequence × 

Probability × Exposure. This quantitative approach enables objective evaluation using established 

numerical scales: consequence severity ranging from 0.0001 (small injury) to 5 (several deaths), 

probability of occurrence from 0.1 (virtually impossible) to 10 (may well be expected), and exposure 

frequency from 0.02 (once in 100 years) to 10 (continuous exposure). These scales were specifically 

calibrated for underground coal excavation hazard assessment. Data collection techniques include 

comprehensive analysis of accident statistics from Mine-A covering all incident categories (fatal 

accidents, fatalities, serious accidents, serious injuries, and reportable injuries), systematic evaluation 

across worker categories (support personnel, SDL operators/cablemen, transportation/general workers, 

trammers/signal men, supervisory staff, and others), and detailed assessment of ten major hazard 

categories: Fire, Inundation, Strata Control, Ventilation, SDL Operation, Stowing, Underground Coal 

Transportation, Electrical Installation, Blasting, and Re-railing of De-railed Tubs. Risk classification 

follows established thresholds enabling prioritized implementation: High Risk (>200) requiring immediate 
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HAZOP and FTA analysis, Medium Risk (20-200) requiring ETA and systematic monitoring, and Low 

Risk (<20) requiring standard safety protocols. 

5. Results 

Table 1: Accident Statistics at Mine-A (2014-2022) 

Year Fatal Accidents Fatalities Serious Accidents Serious Injuries Reportable Injuries 

2014 01 01 NIL 01 01 

2015 NIL NIL 01 03 01 

2016 NIL NIL 01 01 01 

2017 01 02 01 02 02 

2018 NIL NIL 01 01 01 

2019 01 01 NIL NIL NIL 

2020 01 01 01 02 02 

2021 01 01 NIL NIL 01 

2022 01 01 01 02 02 

The nine-year accident statistics from Mine-A demonstrate the critical need for systematic risk assessment 

methodologies examined in this study. The data reveals three zero-fatality years (2015, 2016, 2018) 

indicating successful safety interventions, while 2017 recorded the highest casualty rate with two fatalities 

from a single incident, emphasizing the catastrophic potential of high-risk activities. Serious accidents 

occurred in six of nine years, with peak incidents in 2015 (3 injuries) and fluctuating patterns thereafter. 

The correlation between serious accidents and reportable injuries validates the risk classification approach, 

with higher injury counts consistently accompanying serious incidents. This accident pattern provides the 

foundation for implementing targeted HAZOP, FTA, and ETA analyses to address identified risk 

scenarios. 

Table 2: High Risk Activities Classification (Risk Score >200) 

Hazard Percentage of Workers Consequence Exposure Probability Total Risk Score 

Fire >40 5 5 10 250 

Inundation >40 5 5 10 250 

High-risk activities analysis identifies fire and inundation as critical threats requiring immediate HAZOP 

studies and FTA implementation at Mine-A. Both hazards achieve maximum risk scores of 250, calculated 

using the systematic formula: Fire (>40% workers × 5 consequence × 5 exposure × 10 probability = 250) 

and Inundation (>40% workers × 5 consequence × 5 exposure × 10 probability = 250). Fire risks correlate 

directly with the mine's Degree-I gassiness classification and underground coal operations, while 

inundation threats stem from geological conditions including the major fault with 208-meter throw on the 

south side. These maximum risk scores necessitate comprehensive HAZOP analysis for systematic 

deviation studies, FTA for top-down failure analysis, and immediate implementation of emergency 

response protocols specific to Mine-A's operational characteristics and geological conditions. 
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Table 3: Medium Risk Activities Classification (Risk Score 20-200) 

Hazard Percentage of 

Workers 

Consequence Exposure Probability Total Risk 

Score 

Strata Control >40 5 10 3 150 

Ventilation >40 5 10 3 150 

SDL Operation 5-10 1 5 7 35 

Underground Coal 

Transportation 

20-40 1 5 7 35 

Electrical Installation 5-10 1 5 5 25 

Blasting 20-40 1 5 5 25 

Medium-risk activities encompass six operational areas requiring Event Tree Analysis and systematic 

monitoring protocols. Strata control and ventilation systems achieve identical scores of 150 (>40% 

workers × 5 consequence × 10 exposure × 3 probability = 150), reflecting their critical importance in 

Board and Pillar extraction operations and the axial flow PV-200 ventilation system at Mine-A. SDL 

operations score 35 (5-10% workers × 1 consequence × 5 exposure × 7 probability = 35), directly 

correlating with the mine's 5 SDL units with 1.3 m³ bucket capacity. Underground coal transportation also 

scores 35, affecting 20-40% of workers with similar risk parameters. Electrical installations and blasting 

operations score 25 each, indicating effective existing control measures while requiring continued ETA 

analysis and monitoring. These medium-risk classifications enable prioritized resource allocation and 

targeted implementation of systematic risk assessment methodologies. 

Table 4: Category-wise Worker Accident Distribution (2014-2022) 

Worker Category 2014 2015 2016 2017 2018 2019 2020 2021 2022 Total 

Support Personnel NIL 01 01 01 NIL NIL 02 NIL 01 6 

SDL Operator/Cableman 01 NIL NIL 01 NIL NIL NIL NIL 01 3 

Transporting/General 

Mazdoor 

NIL 01 NIL 01 NIL NIL 01 01 01 5 

Trammer/Signal Man NIL NIL NIL 01 NIL NIL NIL NIL NIL 1 

Supervisory Staff NIL NIL NIL NIL 01 NIL NIL NIL NIL 1 

Category-wise accident analysis validates the risk assessment methodology by demonstrating clear 

correlations between worker exposure and incident frequency. Support personnel experienced the highest 

accident frequency (6 incidents) due to their exposure across multiple high and medium-risk activities, 

with peak incidents in 2020 (2 occurrences) requiring immediate HAZOP analysis for their work 

processes. SDL operators/cablemen recorded 3 incidents, directly validating the medium-risk 

classification (score 35) assigned to SDL operations and confirming the accuracy of the risk assessment 

formula. Transportation/general workers show 5 incidents across the study period, supporting the medium-

risk score of 35 for underground coal transportation activities. Single incidents among trammers and 

supervisory staff demonstrate the universal nature of excavation risks across all operational levels, 

supporting the comprehensive approach to risk assessment implementation. 
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Table 5: Comparative National Coal Mine Safety Performance (2020-2022) 

Year Fatal 

Accidents 

Fatalities Serious 

Accidents 

Serious 

Injuries 

Fatality Rate per 3 Lakh 

Manshift 

2020 29 30 73 80 0.14 

2021 27 29 57 61 0.10 

2022 17 19 60 66 0.08 

National coal mine safety statistics demonstrate significant improvement trends that validate the 

effectiveness of systematic risk assessment methodologies examined in this study. Fatal accidents 

decreased by 41.4% from 29 to 17 over the three-year period, while fatalities reduced by 36.7% from 30 

to 19, directly supporting the study's focus on implementing HAZOP, FTA, and ETA methodologies for 

safety enhancement. Serious accidents showed initial improvement from 73 to 57 (2020-2021) followed 

by slight increase to 60 (2022), indicating the need for continued medium-risk activity monitoring through 

ETA analysis. The fatality rate per 3 lakh manshift improved consistently from 0.14 to 0.08, representing 

a 42.9% improvement that correlates with industry-wide adoption of systematic risk assessment 

approaches. These national trends validate Mine-A as a representative case study and confirm the broader 

applicability of structured risk assessment methodologies across Indian coal excavation operations. 

Table 6: Low Risk Activities Classification (Risk Score <20) 

Hazard Percentage of 

Workers 

Consequence Exposure Probability Total Risk 

Score 

Surface Transportation <5 1 5 3 15 

Health of Person 20-40 1 5 3 15 

Surface Workshop 

Activities 

5-10 1 2.5 3 7.5 

Pumping Operation <5 0.3 5 3 4.5 

Gas Cutting/Welding 

Operation 

<5 0.1 1.5 3 0.45 

Low-risk activities analysis completes the comprehensive risk classification framework, identifying five 

operational areas requiring standard safety protocols rather than intensive HAZOP or FTA analysis. 

Surface transportation and health-related activities both score 15, calculated as (<5% or 20-40% workers 

× 1 consequence × 5 exposure × 3 probability = 15), representing manageable risk levels through routine 

safety measures. Surface workshop activities score 7.5 (5-10% workers × 1 consequence × 2.5 exposure 

× 3 probability = 7.5), while pumping operations score 4.5 (<5% workers × 0.3 consequence × 5 exposure 

× 3 probability = 4.5). Gas cutting/welding operations achieve the lowest score of 0.45 (<5% workers × 

0.1 consequence × 1.5 exposure × 3 probability = 0.45), indicating minimal risk requiring basic safety 

oversight. These low-risk classifications enable efficient resource allocation toward high and medium-risk 

activities while maintaining appropriate safety standards for all operational areas at Mine-A. 
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6. Discussion 

The comprehensive risk assessment analysis of Mine-A successfully validates the effectiveness of 

systematic hazard identification methodologies in underground coal excavation operations. The 

identification of fire and inundation as high-risk activities with maximum scores of 250 each directly 

correlates with the mine's specific operational and geological characteristics. Fire risks are particularly 

significant given the facility's Degree-I gassiness classification, coal's inherent combustibility, and the 

confined underground environment that can lead to rapid fire spread and toxic gas generation. Inundation 

threats stem directly from the documented geological fault with 208-meter throw on the south side and the 

presence of water-bearing strata at varying depths from 15.5 to 338 meters. The medium-risk category 

analysis reveals critical operational insights specific to Mine-A's infrastructure and methods. Strata control 

and ventilation systems, both scoring 150, represent foundational safety elements directly related to the 

Board and Pillar extraction method requiring robust support systems across the 17.50-meter average seam 

thickness. The axial flow PV-200 ventilation system with 3.65-meter diameter and three intake points 

necessitates systematic monitoring protocols to maintain air quality and prevent gas accumulation. The 

correlation between SDL operations risk score (35) and actual accident frequency among SDL operators 

(3 incidents) validates the accuracy of the Risk = Consequence × Probability × Exposure formula, 

demonstrating the predictive capability of systematic risk assessment methodologies. 

Category-wise accident analysis confirms the risk assessment findings with remarkable precision. Support 

personnel experiencing the highest accident frequency (6 incidents) directly correlates with their exposure 

across multiple high and medium-risk activities, including fire prevention, strata monitoring, and 

equipment support operations. The three accidents among SDL operators/cablemen validate the medium-

risk classification assigned to SDL operations, while the five incidents among transportation workers 

confirm the underground coal transportation risk assessment. This correlation between predicted risk 

levels and actual incident patterns demonstrates the effectiveness of the systematic approach in identifying 

vulnerable worker categories and prioritizing safety interventions. The comparative analysis with national 

coal mine statistics provides broader context for the study's findings. The 41.4% reduction in fatal 

accidents and 42.9% improvement in fatality rates from 2020 to 2022 reflects industry-wide adoption of 

systematic risk assessment approaches similar to those implemented at Mine-A. The initial improvement 

in serious accidents from 73 to 57 (2020-2021) followed by slight increase to 60 (2022) indicates the 

importance of continuous monitoring and adaptation of risk assessment methodologies, particularly for 

medium-risk activities requiring ongoing ETA analysis. 

The geological and operational context of Mine-A provides the framework within which the risk 

assessment methodology demonstrates its effectiveness. The seam dip of 1 in 5 in direction N 71 E, 

combined with the Board and Pillar extraction method and the absence of dykes and faults in the 

immediate excavation area, creates specific strata control challenges addressed through the medium-risk 

classification. The mine's technical specifications, including 5 SDL units with 1.3 m³ bucket capacity and 

the three-intake ventilation system configuration, directly influence the risk assessment calculations and 

validate the methodology's sensitivity to operational parameters. The implementation of HAZOP, FTA, 

and ETA methodologies at Mine-A addresses the specific challenges identified through quantitative risk 

analysis. For high-risk activities (fire and inundation), HAZOP studies enable systematic identification of 
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process deviations, while FTA provides top-down analysis of potential failure scenarios specific to coal 

excavation environments. ETA evaluates consequence sequences for emergency response planning, 

particularly critical given the mine's depth variations and geological conditions. These methodologies 

collectively support the study's objective of applying systematic risk assessment techniques in practical 

underground coal excavation environments. 

7. Conclusion 

In conclusion, the study concludes that the implementation of systematic risk assessment methodologies—

specifically HAZOP, FTA, and ETA—has significantly enhanced excavation safety management at Mine-

A. A comprehensive evaluation of accident data from 2014 to 2022 revealed high variability in fatal and 

serious incidents, emphasizing the need for proactive risk identification. High-risk activities such as fire 

and inundation were identified with maximum risk scores of 250, directly related to the mine's geological 

and operational conditions. Medium-risk operations like strata control, ventilation, and SDL handling 

exhibited clear correlations between predicted risk scores and actual incident patterns, validating the 

accuracy and predictive power of the risk classification model. Category-wise accident trends further 

supported the methodology, with support personnel and SDL operators showing incident rates consistent 

with their assigned risk levels. The alignment of Mine-A’s safety performance with national 

improvements—particularly the 41.4% drop in fatal accidents and 42.9% decline in fatality rates from 

2020 to 2022—demonstrates the broader applicability of systematic risk assessments in the Indian coal 

sector. The detailed technical configuration of Mine-A, including its ventilation layout and equipment 

specifications, highlights the context-sensitive nature of risk evaluation. Overall, the research confirms 

that structured and quantitative risk assessment approaches are effective tools for enhancing safety in 

underground coal mining and reducing occupational hazards through targeted interventions. 
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