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Abstract- Rockfall hazards in open-pit mines present serious threats to worker safety, equipment, and uninterrupted mining operations. This 

project proposes an AI-based rockfall prediction and alert system that provides early warnings to prevent accidents and reduce risks. The system 

integrates Artificial Intelligence (AI), Machine Learning (ML), and Internet of Things (IoT) technologies to monitor and analyze environmental 

and geological conditions in real time. Various sensors such as seismic sensors, tiltmeters, and weather monitoring devices are deployed to 

collect critical data, including ground vibrations, slope movement, and rainfall intensity. Additionally, cameras or drones are used to capture 

images for detecting cracks and structural changes in rock formations. The collected data is processed and analyzed using machine learning 

algorithms trained on historical and real-time datasets to identify patterns associated with potential rockfall events. Based on this analysis, the 

system predicts the likelihood of rockfall and generates alerts when risk levels exceed predefined thresholds. These alerts are communicated 

through alarms, mobile notifications, and monitoring dashboards, enabling timely preventive actions and evacuation. The proposed system 

enhances safety, minimizes damage, and improves operational efficiency by enabling proactive decision-making. Overall, it provides a reliable 

and intelligent solution for managing rockfall risks in open-pit mining environments. 
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I. INTRODUCTION 

Open-pit mining is one of the most widely used methods for extracting minerals and natural resources, but it involves significant safety 

challenges, especially due to rockfall hazards. Rockfalls occur as a result of slope instability caused by factors such as geological weaknesses, 

heavy rainfall, blasting activities, and continuous excavation, which can lead to serious consequences including injuries to workers, damage 

to equipment, and disruption of mining operations. Therefore, ensuring slope stability and implementing effective monitoring systems are 

essential for maintaining safety in such environments. Traditional rockfall detection methods mainly rely on manual inspections and basic 

monitoring instruments, which are often time-consuming, less accurate, and incapable of providing real-time predictions. With the 

advancement of modern technologies, Artificial Intelligence (AI) and Machine Learning (ML) have emerged as powerful tools for improving 

hazard detection and prevention. These technologies enable the analysis of large volumes of data collected from sensors and imaging devices, 

allowing early identification of patterns associated with slope instability. This project presents an AI-based rockfall prediction and alert system 

designed for open-pit mines, which integrates sensors such as seismic sensors, tiltmeters, weather monitoring devices, along with cameras and 

drones to continuously monitor environmental and structural conditions. The collected data is processed and analyzed using machine learning 

models to predict potential rockfall events, and when a risk is detected, the system generates real-time alerts through alarms, mobile 

notifications, and monitoring dashboards, enabling timely preventive measures and improving overall safety and operational efficiency in 

mining environments. 

Fig 1. AI-Based Rockfall Prediction and Alert System: Integrated Architecture Figure 1 

presents the overall architecture of the AI-based Rockfall Prediction and Alert System for 

open-pit mines, where the central AI engine acts as an intelligent decision- making unit that 

analyzes real-time environmental and geological data to predict potential rockfall hazards. 

The system collects data from multiple sources such as seismic sensors, tiltmeters, weather 

monitoring devices, and cameras or drones to continuously monitor slope conditions, 

including ground vibrations, deformation, and rainfall intensity. This data is processed and 

filtered in the data processing module to remove noise and ensure accuracy before being 

analyzed by machine learning models in the prediction module. These models identify 

patterns and detect early signs of slope 

instability by learning from both historical and real-time data. When the system predicts a 

possible rockfall event, it activates the alert module, 

which sends notifications through alarms, mobile alerts, and control room dashboards to 

ensure immediate response. Additionally, the monitoring dashboard provides a user-friendly interface for operators to visualize system data, 

track risk levels, and make informed decisions. This integrated architecture enables real-time monitoring, accurate prediction, and timely alerts, 

thereby enhancing worker safety, reducing equipment damage, and improving overall operational efficiency in open-pit mining environments. 

II. RELATED WORKS 

[1] R. Hoek and J. Bray (2004) discussed slope stability analysis in rock engineering, highlighting the importance of geological and 

geotechnical parameters in predicting rock failures. Their work forms the foundation for modern rockfall prediction systems in mining 

environments. 

[2] T. Carlà et al. (2016) explored the use of remote sensing techniques such as ground-based radar and LiDAR for monitoring slope 

deformation. Their research demonstrated how continuous monitoring can help detect early signs of rock instability. 

[3] S. Intrieri et al. (2013) presented an early warning system for landslides using real-time monitoring data. The study emphasized the 

role of sensor-based systems in improving safety and reducing risks in hazardous environments. 

[4] D. Amitrano et al. (2012) investigated the use of microseismic monitoring to detect rock mass movements. Their findings showed that 

seismic signals can be used as indicators of potential rockfall events. 

[5] Y. Liu et al. (2019) applied machine learning algorithms to predict slope failures based on historical and real-time data. The study 

demonstrated that AI models can improve prediction accuracy compared to traditional methods. 

[6] X. Zhang et al. (2020) proposed a deep learning-based approach for detecting cracks and deformation in rock surfaces using image 
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data. Their work highlighted the effectiveness of computer vision in hazard detection. 

[7] P. Mishra et al. (2021) developed an IoT-based monitoring system for mining environments, integrating sensors to collect 

real-time environmental data. The system improved data accuracy and enabled continuous monitoring. 

[8] J. Qi et al. (2018) studied the use of wireless sensor networks for slope stability monitoring in mines. Their research showed how 

distributed sensors can provide reliable and real-time data for hazard prediction. 

[9] A. K. Singh and R. K. Goel (2017) analyzed risk assessment techniques for rockfall hazards in open-pit mines. Their work 

emphasized the importance of predictive models in ensuring worker safety. 

[10] M. Jaboyedoff et al. (2012) reviewed various rockfall hazard assessment and monitoring techniques, including simulation models 

and early warning systems. Their study provided insights into integrating advanced technologies for effective risk management. 

III. ARCHITECTURE AND DESIGN 

The proposed AI-based Rockfall Prediction and Alert System for open-pit mines is designed using a modular architecture that supports 

realtime monitoring, intelligent analysis, and automated hazard detection. The system integrates multiple components that work together to 

monitor environmental conditions, detect slope instability, and provide early warnings to prevent accidents. The architecture mainly consists 

of five major components: Data Acquisition Layer, Data Processing and Validation Module, AI Prediction Engine, Alert and Notification 

Module, and Monitoring and Visualization Layer. These components collectively transform real-time sensor inputs such as seismic activity, 

slope movement, weather conditions, and visual data into meaningful predictions, risk assessments, and timely alert notifications, ensuring 

improved safety and efficient mining operations. 

 
Fig 2. System architecture 

A. Data Acquisition Interface; The Data Acquisition Interface acts as the entry point of the system, where various sensors and devices interact 

with the environment in openpit mines. It includes seismic sensors, tiltmeters, weather monitoring systems, and cameras or drones that 

continuously collect real-time data such as ground vibrations, slope movement, rainfall intensity, and visual changes in rock structures. This 

interface ensures smooth data collection and transmission to the system. It is designed to be reliable and efficient, even in harsh mining 

conditions, ensuring accurate and continuous monitoring of slope stability. 

B. Data Processing and Validation Module: Once the data is collected, it is processed through the Data Processing and Validation Module. This 

component filters noise, removes irrelevant data, and organizes the information into a structured format suitable for analysis. It ensures data 

accuracy by validating sensor inputs and handling missing or inconsistent values. By cleaning and standardizing the data, this module improves 

the efficiency and reliability of the prediction system. 

C. AI Prediction Engine: The AI Prediction Engine serves as the core intelligence of the system. It analyzes both historical and real-time data 

using machine learning and deep learning algorithms to identify patterns related to slope instability. The engine predicts the probability of rockfall events and 

assesses risk levels. By continuously learning from data, it improves prediction accuracy and provides early warnings of potential hazards. 
D. Alert and Notification Module:The Alert and Notification Module is responsible for generating timely warnings when a potential rockfall 

risk is detected. It sends alerts through alarm systems, mobile notifications, and control room dashboards. This ensures that workers and 

authorities receive immediate information, enabling quick response, evacuation, and preventive measures to avoid accidents. 

E. Monitoring and Visualization Layer: The Monitoring and Visualization Layer provides a user-friendly dashboard for mine operators to 

monitor system performance and risk levels in real time. It displays sensor data, prediction results, and alert status through graphs and visual 

indicators. This layer helps decision-makers understand the situation clearly and take appropriate actions. Additionally, it supports data tracking 

and analysis for improving system performance over time. 

 
 

Flow chart: System Architecture Workflow 



MSW MANAGEMENT -Multidisciplinary, Scientific Work and Management Journal 

ISSN: 1053-7899 

Vol. 36 Issue 1, 2026, Pages 4897-4900 

4899 

  
     

  
 

https://mswmanagementj.com/ 

IV. METHODOLOGY 

The methodology of the AI-Based Rockfall Prediction and Alert System follows a structured workflow that enables continuous monitoring 

of mining environments, analysis of geological conditions, and early prediction of rockfall hazards. The system integrates sensor-based data 

collection, data preprocessing techniques, machine learning models, and real-time alert mechanisms to ensure safety in open-pit mines. The 

methodology ensures that raw environmental data is transformed into meaningful predictions and timely alerts that help prevent accidents and 

improve operational efficiency. The workflow of the system is organized into several phases as described below. 

A. Data Acquisition and Handling.: The system begins with the collection of real-time data using various sensors installed in the mining area. 

These include seismic sensors to detect ground vibrations, tiltmeters to measure slope movement, weather monitoring devices to track rainfall 

and environmental conditions, and cameras or drones to capture visual data of rock surfaces. The collected data is transmitted to a central 

system and stored securely for further analysis. Continuous data acquisition ensures accurate monitoring of slope stability and environmental 

changes 

B. Data Processing and Input Preparation: Once the data is collected, it is processed to remove noise, handle missing values, and organize it 

into a structured format. Techniques such as filtering, normalization, and feature extraction are applied to improve data quality. This step 

ensures that the input data is clean, consistent, and suitable for analysis by machine learning models, thereby improving prediction accuracy. 

C. AI-Based Prediction and Analysis: In this phase, the processed data is analyzed using machine learning and deep learning models. These 

models identify patterns related to slope instability and predict the likelihood of rockfall events. The system continuously compares real-time 

data with historical patterns to detect anomalies and assess risk levels. This intelligent analysis enables early detection of potential hazards. 

D. System Deployment and Real-Time Monitoring: The system is deployed using edge and cloud computing technologies to enable real-time 

processing and fast response. Data from sensors is processed either locally (edge) or in the cloud, and the results are displayed on a monitoring 

dashboard. Mine operators can visualize real-time data, risk levels, and system status through an interactive interface, ensuring efficient 

decision-making. 

Dataset Type Description Number of Records 

Sensor Data Seismic activity, slope movement, environmental conditions 5000 

Weather Data Rainfall, temperature, humidity levels 3500 

Image Data Rock surface images captured by cameras and drones 2800 

Historical Rockfall Data Past rockfall incidents and patterns 2100 

System Logs Alerts generated, system responses, monitoring data 2000 

Total 15,400 

E. Alert Generation and Continuous Improvement: When the system detects a potential rockfall risk, it generates alerts through alarms, mobile 

notifications, and control room dashboards. These alerts enable workers and authorities to take immediate preventive actions such as evacuation 

or area restriction. Additionally, the system continuously learns from new data and past predictions to improve its accuracy over time. This 

feedback mechanism enhances system performance and ensures reliable long-term monitoring and safety in mining environments 

RESULTS AND DISCUSSION 

A. Experimental Setup:The experimental evaluation of the AI-Based Rockfall Prediction and Alert System was conducted by analyzing real-

time and historical data collected from mining environments. The evaluation focused on measuring how effectively the system predicts rockfall 

events, detects slope instability, and generates timely alerts. Sensor data such as seismic activity, slope movement, weather conditions, and 

visual inputs were processed through the AI prediction engine to observe system accuracy and responsiveness. The collected dataset was 

divided into training and testing sets to evaluate the performance of the machine learning models. System performance was assessed based on 

prediction accuracy, risk detection rate, and alert response time. These metrics helped determine how effectively the system ensures safety in 

open-pit mining environments 

Table I. Dataset Distribution 

Dataset Type Description Number of Records 

Sensor & Weather Data Seismic activity and slope movement readings , Rainfall, temperature, humidity levels 8500 

Image Data Rock surface images from cameras and drones 2800 

Historical Data Previous rockfall incidents and patterns 2100 

System logs Alerts generated and monitoring system records 2000 

Total  15,400 

B. Baseline System Performance: Initial testing focused on evaluating the system’s ability to analyze sensor data and predict rockfall risks. 

The AI models successfully identified patterns associated with slope instability and generated predictions for potential hazards. The system was 

able to detect abnormal changes in seismic signals, slope movement, and environmental conditions in most test cases. Results showed that 

combining real-time monitoring with AI-based prediction significantly improved early hazard detection. The system not only identified risk 

conditions but also provided timely alerts, allowing preventive actions to be taken before critical failures occurred. 

C. System Module Evaluation: Different modules of the system were evaluated to measure their performance. The Data Acquisition module 

was tested for accuracy and reliability of sensor data collection. The Data Processing module was evaluated for its ability to clean and prepare 

data efficiently. The AI Prediction Engine was tested for accuracy in detecting potential rockfall events, while the Alert Module was evaluated 

for timely notification delivery. The results showed that integration of these modules provided an effective monitoring and prediction system compared to 

traditional manual inspection methods. The system enabled continuous monitoring, real-time analysis, and immediate response to potential risks. 
Table II. System Feature Comparison 

System Type Learning Interaction Debugging  Support User Effort 

Traditional Monitoring Methods Low None High 

Manual Inspection Low Low High 

Sensor-Based Monitoring Systems Moderate Limited Medium 

AI-Based Prediction Systems High High Low 
Proposed System (AI-Based Rockfall Prediction & Alert System) High High Very Low 

D. Usability and Learning Experience:System testing indicated that the platform provides a reliable and efficient solution for monitoring 

mining environments. The dashboard allows operators to easily visualize real-time data, risk levels, and alerts. The system enables quick 

decision-making by presenting clear and accurate information. The integration of AI prediction with real-time alerts improves safety by 

allowing workers to respond quickly to potential hazards. The system also reduces manual effort and enhances operational efficiency. 
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E. Limitations 

Although the system demonstrates effective rockfall prediction, some limitations were observed during testing. The accuracy of predictions 

depends on the quality and quantity of training data. Harsh environmental conditions may affect sensor performance, leading to potential data 

inconsistencies. Additionally, extremely complex geological conditions may require more advanced models for precise prediction. 

 
 

V. CONCLUSION AND FUTURE WORK 

 

The development of the AI-Based Rockfall Prediction and Alert System represents a significant advancement in improving safety and risk 

management in open-pit mining environments by integrating real-time data acquisition, intelligent analysis, and automated alert mechanisms 

into a unified system. By leveraging machine learning and IoT technologies, the system enables continuous monitoring of slope conditions 

and early detection of potential rockfall hazards, ensuring timely preventive actions. The experimental results demonstrate that the system 

provides accurate predictions, fast response times, and efficient alert generation, significantly reducing the risk of accidents and operational 

disruptions. The AI prediction engine enhances decision-making by analyzing complex environmental and geological data, while the alert 

module ensures rapid communication through alarms, mobile notifications, and monitoring dashboards. Additionally, the visualization 

interface allows operators to easily track system performance and risk levels in real time. Overall, the proposed system overcomes the 

limitations of traditional monitoring methods by offering automation, accuracy, and real-time responsiveness, thereby improving worker safety 

and operational efficiency. In future work, the system can be enhanced by incorporating advanced deep learning models for improved accuracy, 

integrating drone-based monitoring for better data collection, and adopting edge computing to reduce latency 
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