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Abstract

Haul roads are a vital component of opencast mining operations, significantly influencing
productivity, safety, fuel efficiency, and equipment longevity. Poorly designed haul roads
result in increased rolling resistance, excessive fuel consumption, higher maintenance costs,
and elevated accident risks. This study focuses on optimising haul road geometry and
maintenance practices to enhance operational efficiency and ensure safe movement of Heavy
Earth Moving Machinery (HEMM).

The research integrates field observations, analytical modelling, and empirical design methods
to evaluate key geometric parameters such as road width, gradient, curvature, and cross slope.
The study also examines rolling resistance, grade resistance, and their combined impact on
haul truck performance and fuel consumption. Maintenance practices such as grading,
watering, and compaction are analysed for their role in sustaining road quality.

Results indicate that optimised haul road design significantly reduces cycle time, fuel
consumption, and operating costs while improving safety conditions. The study proposes a
cost-effective framework for haul road design and maintenance, incorporating modern
technologies such as GPS monitoring and condition-based maintenance systems. The findings
provide practical guidelines for mine planners and engineers to achieve sustainable and
efficient mining operations.

DOI: https://doi.org/10.5281/zenod0.20412200

Manuscript Information
ISSN No: 2583-7397
Received: 13-04-2026
Accepted: 23-05-2026
Published: 27-05-2026
IJCRM:5(3); 2026: 411-415
©2026, All Rights Reserved
Plagiarism Checked: Yes
Peer Review Process: Yes

How to Cite this Article

Kishore S, Mukherjee S, Ghosh S,
Kundu K. Optimization of haul road
geometry for safe and efficient
movement of HEMM in opencast
mines. Int J Contemp Res
Multidiscip. 2026;5(3): 411-415.
Access this Article Online

| e S
www.multiarticlesjournal.com

KEYWORDS: Haul road optimization, opencast mining, HEMM, rolling resistance, haulage efficiency, mine safety, road

geometry.

411

© 2026 Sumeet Kishore, Subhadeep Mukherjee, Subarna Ghosh, Kaoustav Kundu. This is an open-access article distributed under the terms of the Creative
Commons Attribution 4.0 International License (CC BY NC ND).https://creativecommons.org/licenses/by/4.0/


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5281/zenodo.20412200

Int. Jr. of Contemp. Res. in Multi.

PEER-REVIEWED JOURNAL

Volume 5 Issue 3 [May-June] Year 2026

1. INTRODUCTION

Opencast mining is one of the most widely used methods for
extracting minerals due to its high productivity and cost-
effectiveness (Hartman, 2002; Hustrulid & Kuchta, 2006). In
such operations, haul roads serve as the primary transportation
network for materials such as overburden, coal, and ore. The
performance of haul roads directly affects production
efficiency, fuel consumption, and safety (Kaufman & Ault,
1977).

Haul roads are engineered pathways designed for the movement
of HEMM, including dumpers, loaders, and trucks. Their design
involves critical geometric parameters such as width, gradient,
curvature, and camber (Tannant & Regensburg, 2001; Visser,
2015). Properly designed haul roads ensure smooth traffic
flow, reduced rolling resistance, and improved equipment
performance.

However, poor haul road design and maintenance can lead to:

e Increased fuel consumption

e Higher tyre wear

e Frequent equipment breakdowns

e Increased accident rates

e Reduced productivity

Haulage costs contribute nearly 40—60% of total mining costs,
making haul road optimisation essential for economic and
sustainable mining operations.

2. LITERATURE REVIEW

Extensive research has been conducted on haul road design and
optimisation due to its significant impact on mining operations.
Tannant and Regensburg (2001) developed foundational
guidelines for haul road design, emphasising proper width,
gradient, and drainage. Thompson and Visser (2003) introduced
lifecycle cost-based approaches, highlighting the balance
between construction and maintenance costs.

Hartman (2002) emphasised that poor haul road conditions
increase cycle time and fuel consumption. Similarly, Visser
(2015) recommended maintaining gradients below 10% to
ensure safety and fuel efficiency.

Coffey et al. (2018) demonstrated that increased road roughness
significantly raises rolling resistance and fuel consumption.
Alegre et al. (2021) introduced data-driven approaches using
real-time monitoring systems to estimate rolling resistance and
improve maintenance planning.

Despite these advancements, research gaps remain:

e Limited studies under Indian mining conditions

e Lack of integrated optimisation models

e Inadequate implementation of real-time monitoring

3. METHODOLOGY

3.1 Research Approach

The present study adopts a quantitative and analytical research
approach to evaluate the design and maintenance practices of
haul roads in opencast mining operations. The methodology
primarily involves field data collection, engineering analysis,
and optimisation modelling to assess the influence of haul road
conditions on operational efficiency, fuel consumption, and
equipment performance. Quantitative techniques are widely
used in haul road studies because they provide measurable and
reliable assessments of road geometry, rolling resistance, and

haulage productivity (Thompson & Visser, 2006). Engineering
analysis was conducted to evaluate critical haul road parameters
such as width, gradient, curvature, and surface condition in
accordance with established haul road design guidelines
(Tannant & Regensburg, 2001; Kaufman & Ault, 1977).
Furthermore, optimisation modelling was applied to identify
suitable strategies for improving haul road performance and
reducing operational costs through better maintenance and
geometric design practices (Visser, 2015).

3.2 Data Collection

Data for the study were collected through field observations,
operational records, and engineering measurements from
opencast mining haul roads. The collected data primarily
included haul road geometric parameters such as road width,
gradient, curvature, and cross-sectional condition, which are
considered essential factors influencing vehicle stability and
haulage efficiency (Kaufman & Ault, 1977). In addition, road
surface conditions were assessed to determine rolling resistance
and surface roughness characteristics affecting vehicle
movement and tyre wear (Chatti & Zaabar, 2012). Equipment
performance data, including vehicle speed, fuel consumption,
cycle time, and operational efficiency, were also recorded to
evaluate the impact of haul road conditions on mining
productivity (Caterpillar Inc., 2013). The collected information
was further analysed using standard haul road performance
evaluation techniques recommended in surface mining
engineering studies (Hartman, 2002; Hustrulid & Kuchta,
2000).

3.3 Analytical Framework
Total haulage resistance is calculated as:

TR = RR+GR

Where:

RR = Rolling Resistance

GR = Grade Resistance

Rolling resistance depends on road condition, while grade
resistance depends on slope.

3.4 Performance Evaluation

The performance of haul roads was evaluated using key
operational and economic indicators, including haul cycle time,
fuel consumption, operating cost, and tyre wear. Haul cycle
time is considered one of the most important productivity
parameters in surface mining operations, as it directly
influences equipment utilisation and production output
(Hartman, 2002). Fuel consumption was analysed to assess the
effect of haul road geometry and rolling resistance on
equipment efficiency, since poor road conditions and steep
gradients significantly increase engine load and fuel usage
(Coffey et al., 2018). Operating cost evaluation included the
assessment of maintenance expenses, equipment downtime, and
transportation efficiency associated with haul road conditions.
Tyre wear was also examined because excessive rolling
resistance, rough road surfaces, and improper curvature
contribute to premature tyre failure and increased maintenance
costs (Chatti & Zaabar, 2012). These performance indicators
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collectively provided a comprehensive understanding of haul
road efficiency and its impact on overall mining operations.

3.5 Optimisation Strategy

The optimisation strategy adopted in the study focused on
improving haul road performance by minimising operational
resistance and enhancing vehicle movement efficiency. The
primary objective was to reduce haul road gradients because
steeper slopes increase grade resistance, fuel consumption, and
equipment stress (Visser, 2015). Increasing the curve radius
was also considered essential for improving vehicle
manoeuvrability, reducing tyre wear, and enhancing operational
safety, particularly for large dumpers operating under heavy
load conditions (Kaufman & Ault, 1977). In addition,
improving road surface conditions through regular grading,
watering, and compaction was emphasised to minimise rolling
resistance and reduce haulage costs (Australian Coal
Association Research Program, 2010). Preventive maintenance
strategies were incorporated to ensure consistent road quality
and avoid costly reactive maintenance practices. These
optimisation measures collectively contribute to improved
productivity, reduced operational cost, and safer mining
operations.

4. Design and Analysis

4.1 Road Width Design

Haul road width is a critical design parameter that directly
affects traffic safety, equipment manoeuvrability, and haulage
efficiency in opencast mining operations. The road width was
designed according to standard haul road design
recommendations provided by Tannant and Regensburg (2001)
and DGMS (2017). For a dumper with a width of 6.5 m, the
recommended width for a one-way haul road was determined to
be approximately 13 m, allowing adequate clearance for safe
vehicle movement. For two-way traffic conditions, the
recommended haul road width ranged between 23 m and 28 m,
including additional safety margins and shoulder space to
accommodate large mining equipment and minimise collision
risks. Proper road width design helps improve traffic flow,
reduce congestion, and enhance operational safety within
mining areas.

4.2 Gradient Design

Gradient design plays a significant role in determining haul
road safety, fuel efficiency, and equipment performance.
Excessive gradients increase grade resistance, resulting in
higher fuel consumption, reduced vehicle speed, and greater
mechanical stress on haulage equipment (Hartman, 2002).
Based on standard surface mine haul road design practices, the
recommended gradient for main haul roads was maintained
within the range of 6-8%, while the maximum allowable
gradient was limited to 10% under special operating conditions
(Visser, 2015; Hustrulid & Kuchta, 2006). Maintaining
gradients within these limits improves braking efficiency,
minimises engine overload, and ensures safer vehicle operation,
particularly during loaded haulage cycles. Proper gradient
design also contributes to reduced operational costs and
improved productivity in opencast mining operations.

4.3 Curve Design
Minimum curve radius:

VQ
R=—
gle+ f)
Safe radius adopted: > 40 m
4.4 Rolling Resistance
Road Condition Rolling Resistance
Good 2%
Average 3%
Poor 4-5%

4.5 Total Resistance
Example:

TR = 3% + 6% = 9%

4.6 Haul Cycle Time

Tc:ﬂ+ﬂz+Td+Tr

Example:
Tc=2+10+1+8=21 minutes

4.7 Productivity

Payload > 60

Producti =
roauction Cycle T'ime

— 00%60 1714 TPH
21

4.8 Fuel Consumption

Fuel consumption is one of the most significant operational cost
components in opencast mining haulage systems and is strongly
influenced by haul road condition and total resistance.
Increased rolling resistance and grade resistance require higher
engine power output, leading to greater fuel usage and reduced
equipment efficiency (Coffey et al., 2018). The study observed
that even a small increase in haul road resistance substantially
affects fuel consumption rates. Previous investigations have
reported that a 1% increase in total haulage resistance may
result in approximately a 2-3% increase in fuel consumption,
depending on equipment capacity and operating conditions
(Caterpillar Inc., 2013). Poor road surface conditions, excessive
gradients, and inadequate maintenance contribute significantly
to higher rolling resistance and fuel losses. Therefore,
maintaining smooth and properly graded haul roads is essential
for minimising fuel consumption and reducing operational costs
in mining operations.

5. RESULTS AND DISCUSSION

The results of the study indicate that optimised haul road design
and effective maintenance practices substantially improve the
overall efficiency of opencast mining operations. The analysis
revealed that properly designed haul roads reduce rolling
resistance, resulting in improved vehicle speed, smoother traffic
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movement, and reduced haul cycle time. Improved road
geometry and surface conditions were also found to
significantly ~decrease fuel consumption and enhance
operational safety by minimising vehicle instability and
accident risks (Visser, 2015).

The study further demonstrated that regular maintenance
practices such as grading, watering, and compaction
considerably improve road surface quality and reduce
operational costs associated with tyre wear, equipment
breakdown, and excessive fuel usage. Comparative analysis
between conventional haul roads and optimised haul roads
showed a productivity improvement of approximately 10-20%,
while fuel consumption was reduced by nearly 15-25%. In
addition, significant reductions in tyre wear and maintenance
frequency were observed due to lower rolling resistance and
improved road smoothness (Australian Coal Association
Research Program, 2010). These findings confirm that haul
road optimisation plays a vital role in improving production
efficiency and sustainability in surface mining operations.

6. CONCLUSION

This study highlights the critical importance of haul road design
and maintenance in improving the operational performance of
opencast mining projects. Properly designed haul roads
contribute significantly to enhanced productivity, reduced fuel
consumption, lower operating costs, and improved safety
conditions for heavy earth-moving machinery (HEMM). The
findings indicate that haul road geometry, including width,
gradient, and curvature, directly affects haulage efficiency and
equipment performance (Tannant & Regensburg, 2001).

The study also identified rolling resistance as a major factor
influencing fuel consumption and overall operating cost. Poor
road conditions increase equipment stress, tyre wear, and haul
cycle time, thereby reducing mining efficiency. Furthermore,
the results suggest that preventive maintenance strategies are
more effective and economical than reactive maintenance
practices, as they help maintain consistent road quality and
minimise operational disruptions (Thompson & Visser, 2003).
The integration of advanced technologies such as GPS
monitoring systems and real-time road condition analysis
further improves operational decision-making and maintenance
planning.

Overall, optimised haul road systems contribute significantly to
sustainable mining practices by reducing environmental impact,
improving fuel efficiency, and enhancing operational
productivity. Therefore, effective haul road design and
maintenance should be considered a fundamental component of
modern surface mining management.

7. Recommendations

Based on the findings of the study, several recommendations
are proposed to improve haul road performance and operational
efficiency in opencast mines. Standardised haul road design
practices should be adopted in accordance with established
mining and road engineering guidelines to ensure safe and
efficient vehicle movement (DGMS, 2017). Haul road gradients
should be maintained within recommended safe limits to
minimise fuel consumption, reduce braking risks, and improve
equipment productivity (Visser, 2015).

Preventive maintenance strategies such as regular grading,
watering, compaction, and drainage management should be
implemented to maintain road surface quality and reduce rolling
resistance. The use of GPS-based monitoring systems and real-
time road condition assessment technologies is also
recommended for improving maintenance planning and
operational control. In addition, proper surface maintenance
practices should be continuously applied to optimise rolling
resistance, reduce tyre wear, and minimise overall haulage costs
in mining operations.

8. Future Scope

Future research in haul road optimisation can focus on the
integration of advanced technologies such as artificial
intelligence (Al) and machine learning for predictive
maintenance and real-time performance analysis. Al-based
systems can assist in predicting haul road deterioration,
optimising maintenance schedules, and improving operational
efficiency through data-driven decision-making (Alegre et al.,
2021).

The integration of autonomous haulage systems represents
another promising area for future development in surface
mining operations. Smart haul road monitoring systems
equipped with sensors, IoT devices, and GPS technologies can
provide continuous monitoring of road condition, traffic flow,
and equipment performance. Furthermore, future studies may
explore sustainable and eco-friendly haul road construction
techniques aimed at reducing environmental impact, improving
material utilisation, and enhancing long-term road durability.
These technological advancements have the potential to
significantly improve the safety, efficiency, and sustainability
of modern mining operations.
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