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COMPREHENSIVE REVIEW OF HAUL ROAD DESIGN METHODS:
A COMPARATIVE APPROACH

The mining industry, primarily coal mines, has grown significantly, leading to heavy traffic on haul
roads. However, inadequately designed haul roads often result in problems. The objective of the present
study is to review and design the haul road using existing design methods and analyze their pavement
design parameters. The study compares haul road design methods, including empirical California Bearing
Ratio (CBR) methods, design charts, mechanistic design approach, and geocell reinforced design. This
research enhances understanding of effective haul road design methods considering layer thicknesses,
vertical strain, and deflections, thereby ascertaining the overall performance and suitability of each design
approach. The mechanistic and reinforced design approaches emphasize pavement safety, significantly
reducing vertical compressive strain. By using IITPAVE software, an optimal haul road design was found
by finding vertical strains and deflections of various designs. Vertical strains ranged from 1238 to 3700 pe,
with 1.5 to 4.5 mm deflections. The outcomes indicate that both the mechanistic and reinforced approaches
meet the criteria for critical strain limits (CSL). This study highlights the advantages of different design
approaches to ensure cost-effectiveness.

Keywords: Mine Haul Roads; Empirical methods; Mechanistic design method; IITPAVE analysis;
Reinforced design method

1. Introduction

India has an abundance of minerals, which are the foundation of any country’s economic
success. The mining industry in India is a crucial economic sector that substantially contributes
to the national economy. The country’s mining history reveals a significant focus on coal, lead,
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zine, copper, lead ore, and other minerals. India has a rich mining heritage, dating back to 1774
when the first mining operations started in Raniganj, India [1]. Mining has always benefited the
economy because of the raw materials, minerals, and metals it provides. Although the mining
sector makes up only 2.5% of India’s GDP, it still significantly contributes to its economy. In
comparison, the mining sector’s contribution to the entire industrial sector of GDP ranges between
10% and 11% in 2022 [2]. Coal mining accounts for 80% of all mining activities in India, and
the haul roads of open-cast coal mines primarily utilize large dumpers for transportation. India’s
mining output increased by 9.80% in December 2022 compared to the previous year [3]. India
ranks second in global coal production after China, with 761 million metric tons produced, and
holds the fifth-largest coal reserves worldwide [2].

Mining activities are typically classed as either surface mining, conducted in open environ-
ments, or underground mining within tunnels or galleries. Haul roads hold a vital role in both
conditions, enabling the transport of materials such as waste and ores from extraction sites to
processing or disposal areas. Using locally available materials to construct these roads enhances
sustainability and cost-effectiveness [4]. However, the constant traffic and heavy loads associ-
ated with mining operations often lead to rapid road degradation, necessitating costly repairs
and modifications [5]. Addressing these challenges involves applying various highway engineer-
ing techniques customized to the unique conditions of each mining site. These factors include
load-bearing requirements, traffic volume, material availability, road longevity, and financial
considerations. Geovia Surpac and Fleet Management Systems are utilized in open-cast mining
to monitor productivity, estimate deposit reserves, and plan efficient ore extraction methods,
aiding in fleet estimation for haul road design. Software tools such as CIRCLY (Mincad, 2008),
ELYSMSA (FHWA, 1985), KENPAVE, and IITPAVE [6] are employed for designing multilay-
ered haul roads. Effective and profitable mining operations rely heavily on adequately designed,
constructed, and maintained haul roads, given that transportation expenses constitute a significant
portion of total mining costs.

The evolution of haul roads was initiated with inadequate or unavailability of design prin-
ciples having a low service life of the haul roads with increased maintenance. To overcome the
drawbacks, the haul road designs used engineering principles. By incorporating such principles,
the roads have become more veritable and safer, which reduces repetitive road maintenance to
avoid production interruption. In the later stages, including statistical inferences improves the
uninterruptible traffic and maintenance management for performance optimisation. The evolution
of haul roads is presented in detail in Fig. 1. This research commences a comparative study on
the various haul road design methods with an illustrative example.

Ahlvin [7] introduced the mine haul road design method by using the California Bearing
Ratio (CBR) in the empirical equation to calculate the layer thickness of the pavement. However,
this method was found uneconomical as it provides a more significant layer thickness. Later,
Kaufman & Ault [8] came up with an empirical design method using CBR and wheel load con-
sideration to calculate the layer thicknesses of the pavement. Atkinson [9] introduced the design
chart method, which was based on the CBR of the materials and truck wheel loads to determine
the thickness of the pavement layers. Later, Thompson [10] modified this method by introduc-
ing the material characterization in the design chart, which is used to find the layer thickness
of the haul roads. The mechanistic approach, a highway design methodology, was incorporated
into the haul road design [11]. Later, it was modified based on the limiting strain criteria to
obtain a safe design [12]. Moreover, an alternative approach was examined, which was initially
designed for highway pavement construction but incorporated geosynthetics as reinforcement.
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The application of this method is imperative for the improvement of haul road design. This
method, employing a mechanistic approach, incorporates geosynthetic reinforcement materials
to enhance strength characteristics, thereby reducing pavement thickness.

No or minimal engineering, management, or investment in
assets

High prices for fuel, maintenance, and hauling operation
Low service life of the roads.

Frequent halting of mine production due to unplanned
maintenance

Application of engineering principals in haul road design
and planned maintenance

Safer and more reliable haul roads

Remobilisation achieved quickly in mining vicinity

Planned Road maintenance interventions prevent production
interruptions.

Asset investments are evaluated based on their defined
(performance) return on investment.

Uninterrupted traffic during the production.
Applications of  Possibility of extended pavement performance with

Engineering appropriate maintenance activities at less cost
Principals with  Vehicle maintenance can be minimised.
Statistical
Reliability

Fig. 1. Evolution of Mining Haul Roads Design Methods

2. Need for Better Haul Road Design

A proper haul road design is required to produce mine materials uninterruptedly. The lack of
design standards and operational management input eventually leads to using an empirical design
approach, which produces safe but inherently expensive and requires high maintenance. It can be
challenging to pinpoint the root cause of an unsafe condition or design flaws contributing to poor
performance or an accident. The empirical approach to haul road design is generally unsatisfac-
tory due to the possibility of overspending on construction and operating costs. Over-designing
and specifying roads, despite their higher initial construction costs, do not substantially reduce
overall road-user costs for short-lived roads with low traffic volumes in a mining network. Poor
road design and construction results in early failure, high truck operating costs, decreased pro-
ductivity, and extensive maintenance. A brief discussion on the various haul road design methods
and their evolution over time is discussed further.

Initially, Ahlvin [7] researched on behalf of the US Army Engineer Waterways Experiment
Section to assess whether existing pavements could withstand the weight of a newly developed,
significantly heavier aircraft. This comprehensive study involved various testing methods to
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evaluate pavement performance under diverse conditions, including static and dynamic loads,
deflection, stress, and strain. Ahlvin’s [ 7] work resulted in the development of a unique version of
the CBR approach, specifically designed to address challenges caused by severe loads on pave-
ments. Compared to existing non-engineered roads, the proposed approach lowered thickness
requirements, making it particularly suitable and advantageous for developing haul roads subjected
to heavy loads. In summary, haul roads are essential for the efficiency and cost-effectiveness of
mining operations, often requiring customised design approaches. Ahlvin [7] pioneering research
has significantly improved the design and construction of haul roads, enhancing their ability to
withstand heavy loads and meet operational demands.

Later, Kaufman & Ault [8] identified a need to improve the haul road design approach to
cater for the increase of truckload from 20 to 170 t. Despite the significant advancements in the
machinery used in haul trucks, the technology required to construct the haul roads that these
trucks travel on has not progressed at the same rate. Kaufman & Ault [8] aimed to address this
issue by developing a design criterion with recommended practices to ensure continuity and
safety on all haulage roads. Their study focused on creating a design manual covering various
topics, including horizontal and vertical haul road alignment, haul road cross-section focusing
on pavement design and drainage, and road maintenance.

Road designs in the 1980s primarily relied on the CBR method [13], which was satisfactory
until larger 240 t trucks were introduced in 1995 [14-16]. Using these larger trucks on roads initially
designed for 170 t trucks led to problems like extensive rutting and cross-section deterioration
[16]. Consequently, a new design approach emerged in the 1990s, focusing on layer deflection
to accommodate heavier loads. This revised design aimed for vertical deflections of less than
8.3 mm for 240 t trucks and 4.3 mm for 170 t trucks at the subgrade [16].

As the weight carried by the haul trucks increased and larger trucks were utilised, the main-
tenance costs of poorly designed roads would also increase, leading to a substantial increase in
vehicle operating and maintenance expenses. Mining operations can fully realise the following
benefits when the appropriate haul road design is selected based on the conditions: (a) A standard
road that is safe for all users; (b) The lowest vehicle operating costs due to faster cycle times
and higher productivity. (c) Reduced wear/tear of the tyres, frames, and suspension, resulting in
improved asset utilisation and longevity of components.

It is essential to investigate the geological characteristics of the specific mine to accom-
modate the large haul truck loads.

The approach to mine road designs needs to consider and accommodate the capacity of
haul trucks available to various types of mining operations to meet the requirements thoroughly
and cost-effectively. With relatively rapid implementation, haul road management and design
advancements can benefit long-term sustainability solutions. To minimise the problems associ-
ated with haul road design and management, Thompson & Visser [17] emphasised a holistic haul
road design approach, incorporating structural, functional, and maintenance design elements, as
shown in Fig. 2 [17]. Thompson later focused on pavement design while covering geometric
design, maintenance, and performance evaluation.

Tennant & Regensburg [12] conducted a field survey to update the Canadian Mine Haul Road
Manual, focusing on pavement design using calculated stresses, strains, and resilient modulus.
A critical strain limit has been established to determine the required moduli for each layer and
highlighted the importance of accounting for potential truck overloading during design. Thomp-
son [10] performed comprehensive research, indicating that an optimal haul road, balancing
construction cost and maintenance, lies between two extremes. One extreme is an expensive but
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maintenance.

Comprehensive haul road design approach
considering both pavement strength and
operational performance factors.

Fig. 2. Elements of an Integral Haul Road Design Strategy (Thompson & Visser, [17])

low-maintenance road, while the other is cheaper, with frequent repairs and high maintenance
costs. Thompson [10] emphasises considering all design parameters during the initial stage to
prevent substantial maintenance costs later in the road’s service life.

Verma [18] has researched mechanistic design approaches for open-cast mine haul roads in
India. A comprehensive design methodology was developed to address structural and functional
road aspects. Factors like traffic characterisation, subgrade strength, pavement materials, and load
distribution were thoroughly explored. The study consisted of field investigations, laboratory tests,
and analytical modelling to assess road performance. This study provides critical insights into
design parameters, material selection, and construction techniques tailored to Indian open-cast
mines, underscoring the significance of accounting for geological and environmental conditions.
The study culminates in recommendations for design and maintenance, offering valuable guid-
ance for creating efficient and long-lasting haul roads in mining settings.

The use of geosynthetics in highway pavement construction has recently become increas-
ingly significant. Reinforcing haul roads with geosynthetics enhances road stability. It indirectly
protects the slopes or benches of open-cast mines from natural hazards like slope failure and
erosion caused by heavy rainfall. This application offers the advantage of reducing pavement
thickness, resulting in material and cost savings while enhancing structural strength compared
to traditional methods. By considering the advantages of highway pavement with the reinforce-
ment of geosynthetics, there is a chance of utilizing geosynthetics in haul road constructions.
However, from the Indian perspective, there are no such provisions to incorporate geosynthetics
in haul road constructions. In this study, an effort has been made to design the roads by following
the design codes specified by the Indian Road Congress and AASHTO to incorporate the same
design analysis used for highway pavements to be used in the design of haul road constructions.
Many scientists [19-22], have already been working on improving the strength of the highways
by reinforcing them with geosynthetic materials like Geogrid, Geotextile, Geocells, etc.

It has been noticed that the haul road design has evolved from the previous studies by various
researchers’ contributions. During the design phase, it is essential to consider all factors (wheel
loads, tire pressure, CBR of the Subgrade, etc.) to identify the most appropriate approach for
each mining operation. Compromising any of the components usually leads to a reduction in road
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performance. Merely increasing maintenance efforts is not a sufficient solution, as no amount
of maintenance can rectify the issues caused by a poorly designed road. Hence, it is essential to
thoroughly address each stage of the detailed design process to ensure optimal outcomes. A com-
prehensive analysis of various design parameters from existing haul road designs was conducted
in the further section of the study to achieve an optimal haul road design.

3. Objective, Scope, and Methodology of the Study

The objective of the present study is to review and design the haul road using existing design
methods and analyse their pavement design parameters.
To achieve the study objective, the following steps were taken:

Scope of Study:

+ Study of different existing haul road design methods.

» Design of typical pavement sections using various haul road design techniques.

» Analysis of designed pavement sections, taking into account layer thicknesses, vertical
strains, and deflections in the pavement.

The step-by-step procedure of the study is shown in the flow chart in Fig. 3. It begins with
the identification of various pre-existing haul road designs. Each of these established methods

Review of the existing haul road design

A 4 A4 A 4 4

CBR based Empirical CBR based Design Based on Based on
equations: charts: Mechanistic geosynthetic
Ahlvin (1971), Atkinsons (1991), design Reinforcement
Kaufman & Ault (1977) || Thompson (2010) design

}

Design of typical pavement cross-sections

}

Analysis of the pavement sections:
Based on Layer thickness
Based on vertical strain
Based on deflection

)

Conclusions

Fig. 3. Methodology of the Present Study
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then undergoes thorough examination and analysis. Each existing method is designed during this
phase, using predetermined data to ensure a standardised basis for comparison.

Subsequently, the study proceeds to a comparative analysis of each designed haul road
section. This comprehensive analysis encompasses various critical factors, explicitly evaluating
each design’s layer thickness, vertical strains, and deflections. These elements are pivotal in
determining the overall performance and suitability of each haul road design approach.

In the final stage of the study, conclusions and insights are drawn from the extensive com-
parative analysis. These findings are instrumental in offering a comprehensive understanding of
the various haul road design methods, their strengths and weaknesses, and their applicability in
different contexts. This structured process ensures a methodical evaluation of existing designs,
contributing valuable insights to the field of haul road engineering.

Limit Bounds of the Study

The present study aims to review and design haul roads using existing design methods and
analyze their pavement design parameters. The research is limited to examining haul road design
methods applicable to specific mining conditions, primarily focusing on Indian mining contexts.
The study excludes consideration of design methods not relevant to haul road construction or
those designed for different geological or operational contexts. The scope encompasses a com-
parative analysis of haul road design methods, focusing on layer thicknesses, vertical strains,
and deflections. The research does not include field testing or validation of designed pavement
sections but relies on theoretical analysis and comparison. The study emphasizes the importance
of understanding the limitations and applicability of various haul road design methods within
the specified mining context.

4. Mine Haul Road Design Methods

This study conducts a comprehensive comparative analysis of various haul road design
methodologies, encompassing two equation-based methods, two design chart methods, a mecha-
nistic design approach, and a reinforcement-based alternative approach, as illustrated in Fig. 4.
Each method is discussed, exemplified by a haul road design scenario based on assumed pa-
rameters.

Historically, Ahlwin [7] and Kaufman & Ault [8] introduced empirical equations for mine
haul road layer thickness design. Atkinson [9] devised a design chart based on the CBR approach,
while Thompson [10] developed another chart that later underwent modification to align with
Unified Soil Classification and ASTM/AASHTO standards. Advancements in computing technol-
ogy have enabled mechanistic design approaches [11,18]. Software like KENPAVE, ELYSM5A
(FHWA), CIRCLY (MinCad), and IITPAVE [6] facilitate multi-layer road design. Reinforcement-
based designs have gained popularity, employing geosynthetics per IRC: SP:59-2019 [23]. These
designs follow two approaches: the Mechanistic-Empirical Pavement Design Guide (MEPDG)
method using Modulus Improvement Factor (MIF) and the Modified AASHTO method using
Layer Coefficient Ratio (LCR).

Empirical design methods, including Ahlwin [7], Kaufman & Ault [8], Atkins [9], and
Thompson [10], have their roots in years of pavement performance observations. The chosen
Mechanistic design approach relies on ‘linear elastic layered theory,” treating the pavement
as a multi-layer system. It assumes the lowest layer is semi-infinite and the upper layers are
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horizontally infinite but of finite thickness. Key input parameters include elastic modulus,
Poisson’s ratio, and thickness for calculating stress, strain, and deflection resulting from
surface loads.

Haul Road Design Methods

.. thicknesses considering subgrade CBR and vehicle

Based on Empirical lersk Bisther
Equation Kaufman & Ault [8] has developed empirical
equations to design layer thickness based upon

Atkinson [9]. CBR design curves have been
developed.

Thomgson [10]. developed Design curves based
upon CBR and vehicle loads

Critical Strain Limit (CSL) is an important criterion
for haul road design for each layer based on IRC: 37
(2018) [6].

The design is based on modified AASHTO and IRC:
SP: 59 (2019) method following Structural layer
coefficients [23].

Fig. 4. Different Haul Road Design Methods

General information:

Various parameters are considered when designing mine haul roads using different methods
based on specific design criteria. These criteria include a minimum assumed CBR of 5% for the
subgrade [24,6]. Additionally, the CBR values for the GSB and Base layers are set at 30% and
80%, respectively, based on [6,24,25]. A design example using assumed data provides a practi-
cal illustration of each method. The design vehicle chosen for this example is the VOLVO FMx
500, a vehicle commonly used in mining operations [26]. Detailed information about the vehicle
can be found in TABLE 1.

TABLE 1
Design Vehicle Information [26]
Haul Truck Type VOLVO FMx 500
Axle Type Tandem Axle (Dual tyre)
Tyre Pressure 700 kPa
Wheel Load 19T
ESWL (20% of wheel load as per Kaufman and Ault, 1977) 228T

Traffic calculation:

This study focuses on VOLVO FMx dump trucks, commonly used in Indian open-cast
mines, with a specific examination conducted at the Umrer opencast coal mine near Nagpur,
India, operated by Western Coal Limited (WCL). This mine transports approximately 4 mil-
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lion tons of coal annually, with an expected 25% growth in subsequent years from the current
3.2 million t [27]. Haulage trucks have a Gross Vehicle Mass (GVM) of 58 t and a 40 t average
payload. The haul road is active for five years before scheduled maintenance and repair over its
ten-year operational span. Over its lifetime, the road will carry a total load of 20 million tons,
involving approximately 500,000 loaded trucks, equalling around 10 lakh load cycles for dual-
axle dump trucks, excluding considerations for empty truck traffic.

4.1. Method I: Pavement Design as per Ahlvin Method (1971)

The research aimed to adapt the traditional CBR method to suit heavy-load pavements like
haul roads and aircraft surfaces, resulting in Ahlvin’s formula. It demonstrated that thinner lay-
ers were sufficient compared to the existing criteria for multiple-wheel loads. A cubic equation
enhanced its ability to distinguish test failures from non-failures. As Ahlvin [ 7] suggested, Egs. (1)
& (2) calculates upper layer thickness to prevent shear deformation in underlying layers. It first
determines the cover thickness and then subtracts it from the previous layer’s cover thickness to
establish the pavement’s layer thickness.

As per Ahlvin’s method, the thickness of the overlaying layer is given by

2
—-0.048 -1 .1562(10g log CBR )— 0.6414(10g log CBR j
Pe Pe
N 3 (1)
- 0.4730(10g log CBR j
Pe
Were,
t — Thickness of Overlaying Layer (m)
A Load )
Tyre pressure
pe=ESML (t/m?) )

Considering a load of 19 t, ESWL of 22.8 t, and tyre pressure of 700 kPa, the resulting A and Pe
are 0.027 m? and 845 t/m?, respectively.

ESWL=22.8t;

Tyre Pressure = 700 kPa.

Now, an example is solved based on the general information data to find the overlying
thickness of the pavement by substituting the parameters in Eq. (1). For each layer, the overly-
ing thickness is calculated

The various steps to ascertain the thickness of each layer and the total cover are as follows
and are depicted in the figure.

Step 1: Eq. (1) calculates the cover thickness for the Subgrade with a CBR of 5%, result-
ing in 0.751 m. However, to ensure adequate overlying thickness for the subgrade, a thickness
of 0.80 m is chosen.
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Step 2: Employ Eq. (1) to approximate a cover thickness of 0.35 m for the GSB Layer with
a CBR of 30%. Consequently, the GSB Layer thickness is determined by subtracting this cover
thickness (0.35 m) from the total thickness, yielding 0.45 m. Therefore, a GSB Layer thickness
of 450 mm is recommended for a CBR of 30%.

In Step 3: Eq. (1) approximates a cover thickness of 0.20 m for the Base Layer with a CBR
of 80%. Subsequently, the base layer thickness is determined by subtracting the cover thickness,
resulting in 0.15 m. This establishes a base layer thickness of 150 mm.

Step 4: It reveals that the remaining layer thickness for the wearing course is 0.2 m, meet-
ing the minimum depth requirement for the surface layer. This requirement should be at least
100 mm for a lifespan of less than one year or 200 mm for long-lasting roads. The calculated
cover thickness and layer thickness are summarised in TABLE 2, while a schematic diagram
illustrating the different pavement layers is presented in Fig. 5.

TABLE 2
Representing the Layer Thicknesses of the Pavement as per Ahlvin Method
Layer CBR (%) Cover (m) Layer Thickness (m)
Subgrade 5 0.8 —
GSB 30 0.35 0.45
Base 80 0.2 0.15
Wearing — — 0.2

Step3 &4

Fig. 5. Procedure for determining layer thickness by Ahlvin’s Method

4.2. Method II: Pavement Design as per Kaufman & Ault [8]

In haul road design, the conventional practice involves considering the CBR values of
in-situ materials for construction and design loads. The resulting design thickness is primarily
concerned with providing a protective cover layer based on a specified support or CBR bearing
capacity, without considering the strength and support of the layers above it. To account for the
impact of dual tires, a 20 % increase in wheel load is applied [8].
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Kaufman & Ault [8] formulated a semi-rational exponential Eq. (3), an empirical approach
that can be utilized to estimate the necessary cover thickness (Z,) for a material with a specific
CBR. This design method calculates pavement cover thickness based on the wheel load and
the CBR of the material. The same procedure applies to subsequent layers, with the crucial re-
quirement that each successive layer must have a higher CBR value than the layer immediately
beneath it.

981t

z TW[O. 104 +0.33 1¢0-002875) J x

cbr

%J ) (CBRJ(0.415+PX104)

x| 2% 1075( P 3)
P

In the context of pavement design, Z,. represents the thickness of the overlying layer
in meters. The variables ¢,, and P represent the truck wheel load, 22.8 t, and the tyre pressure,
700 kPa. These values are essential parameters used in calculating the overlying layer thickness
to ensure adequate support and performance of the pavement structure under the specified load-
ing conditions.

Later, the equation was modified to account for ESWL to obtain a more reliable estimation
of the cover thickness Zggy; (m), A semi-rational estimation of the Equivalent Single Wheel
Load (ESWL) can be employed, which is expressed by the following Eq. (4) as per Thompson
(2010)

-1
17.76CBR H @

w

Zeswy, =Zcpr + l:O. 184 + (0.086CBR +

Step 1: Based on Eq. (2), the overlying thickness (Z_,) for the subgrade with a CBR of5 %
is calculated as 1.78 m. However, for practical and economic reasons, a rounded value of 1.8 m
is chosen as the overlying layer thickness for the Subgrade.

Step 2: Using Eq. (2), the thickness of the overlying layer for the Granular Subbase (GSB)
Layer with a CBR of 30% is computed as 0.496 m. For practical purposes, a rounded value of
0.5 m is selected as the overlying layer thickness for the GSB Layer. Consequently, the GSB
layer thickness is calculated as 1.8 m— 0.5 m=1.3 m.

Step 3: For the Base Layer with a CBR of 80%, the overlying layer’s thickness is determined
using Eq. (2), resulting in an overall thickness (Zcbr) of 0.135 m. For practical considerations,
a rounded value of 0.2m is chosen as the overlying layer thickness for the Base Layer. Thus, the
Base Layer thickness is calculated as 0.5 m — 0.2 m = 0.3 m.

Step 4: The remaining thickness for the wearing course layer is 0.2 m, which meets the
minimum depth requirement for the Surface layer. This requirement should be at least 100 mm
for a lifespan of less than one year or 200 mm for long-lasting roads. The schematic diagram for
different pavement layers is shown in Fig. 6 below.

Following the above procedure, the subsequent layers’ cover thickness and layer thicknesses
are calculated using Eq. (4). The layer thicknesses of the pavements using Egs. (3) and (4) are
tabulated in TABLE 3 below.
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TABLE 3
Representing the cover and layer thickness per the Kaufman & Ault method
Single Wheel (Eq. (3)) ESWL (Eq. 4))

Layer CBR Cover (m) | Layer Thickness (m) Cover (m) | Layer Thickness (m)
Subgrade 5 Zeor 1.8 — ZrswL 2.0 —

GSB 30 | Zgy 0.5 1.3 ZrswL 0.6 1.4

Base 80 | Zey, 0.2 0.3 Zrswi 0.3 0.3
Wearing — 0.2 0.3

Step 3 & 4

2000 rara
SURFACE

Fig. 6. Procedure for determining layer thickness by Kaufman & Ault Method

4.3. Method III: Design Based on Atkinson’s Design Chart [9]

This road design method relies on the CBR of construction materials as a significant factor.
Calculating wheel loads for haul trucks is straightforward, using the manufacturer’s specifica-
tions. However, it is essential to consider that haul trucks are often loaded beyond their weight
capacity. The loaded vehicle weight is divided over each axle by the number of tires on that axle
to determine the maximum load on any wheel. Fig. 7 provides a design chart that facilitates the
calculation of layer thicknesses for different CBR values based on the truck’s wheel load (7).
This method primarily depends on CBR to determine the total cover thickness over the in-situ
subgrade materials. The step-by-step procedure for calculating pavement layer thickness using
the design chart shown in Fig. 7 is outlined below.

Step 1: Considering the Subgrade’s CBR value of 5%, the design chart (Fig. 7) suggests
a cover thickness of 0.75 m for a wheel load of 22.8 t.

Step 2: Referring to the same design chart, a cover thickness of 0.25 m is determined for
the Granular Subbase layer (GSB) with a CBR of 30%. Consequently, the GSB layer’s thick-
ness is calculated as 0.5 m by subtracting the cover thickness from the total thickness of 0.75 m.
Therefore, the GSB layer is 500 mm thick in this design scenario.

Step 3: Using the design chart, a cover thickness of 0.15 m is determined for the Base
Layer, which has a CBR of 80%. By subtracting this cover thickness from the total thickness
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of 0.25 m, the Base Layer is found to be 0.1 m thick. Consequently, the Base Layer is 100 mm
thick in this design case.

Step 4: The remaining layer, which serves as the Wearing Course, has a thickness of
150 mm, meeting the minimum required criteria. The cover thickness and the layer thickness
are documented in TABLE 4.

The schematic diagram of the pavement layer thickness is shown in Fig. 8.

TABLE 4
Cover and Layer thickness per Atkinson Design chart
Layer CBR (%) Cover thickness (m) Layer thickness (m)
Wearing course — — 0.15
Base 80 0.15 0.10
Granular Subbase 30 0.25 0.50
Subgrade 5 0.75 —
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Fig. 7. Mine Haul Road Design Chart Based on Atkinson [9]
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Step 3 &4

Fig. 8. Procedure for determining layer thickness by Atkinson method

4.4. Method IV: Design Based on Thompson’s
Design Chart [10]

In this design procedure, the pavement cover thickness above a material with a specific
CBR is determined based on the applied wheel load and the CBR value of the material. This
method can also be applied to successive layers, provided that each subsequent layer has a higher
CBR than the preceding one. The modified metric version of the layer thickness design chart,
depicted in Fig. 9, introduces notable changes. In the previous design chart, materials with a CBR
of 100 were recommended to have at least 0.1 m of cover. However, in the modified version,
all curves representing materials with a CBR of 100 now indicate zero thickness. This method
employs design charts based on the CBR values of different layer materials relative to the wheel
loads of dump trucks. Using the design chart shown in Fig. 9, specific layer thicknesses are
determined for various CBR values at different layers, considering a wheel load of 25 t, cor-
responding to a truck GVM of 150 t.

Step 1: Considering a Subgrade with a CBR of 5%, the design chart created by Thompson
recommends a cover thickness of 0.8 m or 800 mm.

Step 2: Examining the Granular Subbase (GSB) with a CBR of 30%, the design chart speci-
fies a cover thickness of 300 mm. By subtracting this cover thickness from the total thickness of
800 mm, the GSB layer should have a thickness of 500 mm, thus recommending a GSB layer
with a thickness of 500 mm.

Step 3: In the case of the Base Layer with a CBR of 80%, the design chart indicates a cover
thickness of 100 mm. Subtracting this cover thickness from the total thickness of 300 mm, the
Base Layer’s thickness should be 200 mm.

Step 4: The remaining thickness for the Wearing course will be 100 mm, which does not
satisfy the layer thickness requirement.

The thickness of the pavement layers is tabulated in TABLE 5, using the design chart and
the schematic diagram of the pavement shown in Fig. 10.
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TABLE 5
Represents Cover Thickness and Layer Thickness per Thompson’s Design Chart
Layer CBR (%) Total cover (m) Layer thickness (m)
Wearing course — 0.1
Base 80 0.1 0.2
Granular Subbase 30 0.3 0.5
Subgrade 5 0.8 —
CaliforniaBearing Ratio CBR (%)
1 151 10 310 8: 100
CoverThickness (mm) 1?)690 -~ X —
300.0 11
500.0 "
800.0 < o
1000.0
Truck Truck wheel Z] ,/
GVM(t) load (t) 1500.0 A
90 15 < AV AVE7
.07
150 25 «—-2000.0 7 ¥/
yv/.
2500.0
240 40 < ///
320 55 «—2000.0
390 65 < ]
250 75 € 35000 777/
510 85 <
570 95 | 4000.0 //
630 105 <
4500.0

Fig. 9. Mine Haul Road Design Chart Based on Thompson [10]
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Fig. 10. Procedure for Determining Layer Thickness by Thompson Method
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4.5. Method V: Design Based on Mechanistic Approach

The mechanistic design method for pavements, especially those used in haul roads, is an
advanced approach that integrates ideas from mechanics and material science to forecast pave-
ment performance under different loading circumstances. This approach utilises a fundamental
comprehension of how materials react to loads, stress, and strain, enabling the creation of pave-
ment designs that are more precise and dependable.

Fundamental concepts of Mechanistic design: The study of mechanics focuses on how materi-
als behave under various forces and displacements. It includes ideas such as movement, external
forces (such as axle load and load frequency), and the resulting internal forces within materials.
Elasticity is the ability of materials to regain their original shape after a load is removed. The main
variables to consider are stress, strain, deflection, Poisson’s ratio, and elastic modulus [11,18].

Start
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Fig. 11. Flow Diagram for a Mechanistic Design Approach
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A crucial aspect of this haul road design method is the critical strain limit applicable to each
layer. When the vertical strain surpasses this limit, it compromises the composite beam function
of the road, leading to inadequate support for haul trucks. Research indicates different critical
strain limits, roughly 1500 pe at the top of the subgrade [28] and approximately 2000 pe at the
road surface [29]. This limit is contingent on the anticipated haul truck traffic volume over the
road’s operational lifespan and subsequent characteristics.

The road design in Fig. 11 uses layer-resilient moduli, ensuring vertical strain stays below
the critical limit for the road’s lifespan and traffic density. The critical strain limit defines how
many load applications the road can handle.

Vertical strain modeling relies on the resilient modulus, which is determined through lab or
deflectometer tests. It cautiously factors in Young’s modulus and recoverable strain. Moisture
and compaction affect it during compaction. The process involves setting a critical strain limit,
evaluating layer moduli at tire contact points, computing vertical stresses, and using numeri-
cal stress analysis software. Initial layer thickness can be estimated based on similar haul road
designs, prioritizing a sequence from stiffest to less stiff material to minimize vertical strain.
Material characteristics, like Poisson’s ratio, are crucial. Adjustments in thickness and stiffness
of upper layers are needed if any layer exceeds the critical strain limit.

Step 1: A revised form of the equation used for haul roads demonstrates the correlation
between the Critical Strain Limit (CSL) and factors like the design life of the roads and traffic
density.

E=—10— 5)
where N represents the number of load repetitions, in this case, it is 10,00,000, and E represents
Critical Strain. By substituting the value of N, the Critical Strain Limit (E) is calculated as 1919 pe.

Resilient Modulus of subgrade calculated (IRC: 37-2018) [6]
Mps=10x CBR for CBR<S5 (6)

Mpg=17.6 x CBR*®*  for CBR>5 (7)

Where Myg represents the Resilient modulus of subgrade soil (in MPa) and CBR of subgrade
soil (%).

Following IRC 37 (2018) Codal provision, the GSB and base layer’s resilient modulus can
be determined using Eq. (7).

Mpi =02 x h%% x My (8)

Where
Mpc — Resilient Modulus of Granular Subbase Layer (in MPa),
Mps — Resilient modulus of subgrade soil (Supporting Layer) (in MPa),
h — Thickness of Granular Layer (in mm).

Step 2: In this example, subgrade having a CBR of 5% is assumed, and the Resilient Modulus
(Mgg) can be calculated using the Eq. (5):

Mpg=10 x5 =150 MPa
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Step 3: Based on the expertise or by performing many trials, the thickness of the GSB
and base layers are selected based on Eq. (8). In this example, the GSB and base Layer thick-
nesses are 400 mm and 450 mm, respectively. After solving Eq. (8), the resilient modulus of the
granular subbase was obtained as 148.22 MPa, and the resilient modulus of the granular base
was 463.34 MPa.

Step 4: Analyse the pavement by using IITPAVE with the following inputs, elastic moduli:
736.08 MPa, 463.34 MPa, 148.22 MPa, 50 MPa having Poisson’s ratio values of 0.35 for the
Surface, base and GSB layers, and 0.4 for Subgrade layer — computed vertical compressive strain
as 1238 pe < limiting strain of 1919 pe.

IITPAVE:

IITPAVE software is a specialized tool for analyzing linear elastic layered pavement systems.
It helps engineers determine stresses, strains, and deflections within a pavement under uniformly
distributed single-load conditions. The software offers flexible input formats, such as contact
pressure and contact area radius, wheel load, and contact pressure, or wheel load and radius of
contact area, facilitating accurate pavement analysis.

For precise results, ITPAVE requires specific input values for elastic properties (e.g., elas-
tic/resilient moduli and Poisson’s ratio) of each pavement layer, excluding the subgrade. Layer
thicknesses, excluding the subgrade, must also be provided. While the software handles up to
ten layers, including the subgrade, a different approach is used for cases exceeding ten layers.
IITPAVE is essential for designing and evaluating complex pavement systems in various engi-
neering projects. Input and output data from the IITPAVE software are presented in TABLE 6
for reference. In this investigation, haul roads are configured for 10 million standard axles (msa)
loading cycles, employing an 80% reliability level for performance rutting in accordance with
IRC 37-2018 [6], allowing for a 20% margin of error in the pavement section.

TABLE 6
Representing the input and output parameters for the mechanistic method in IITPAVE
Input Parameter for IITPAVE software Output parameters and their values
Parameter Values Parameter Values
Number of layers 4 At the top of the subgrade,
. . . 1238 ne
Tyre pressure 0.7 MPa | vertical compressive strain
Poisson’s ratio:
» Wearing course, Base, and GSB layers 0.35 Deflection (at surface) 4.10 mm
* Subgrade 0.4

Layer thicknesses (as per designed calculations)
Resilient moduli (calculated as per specifications
as per IRC 37 Codal provision for mechanistic
design)

Wheel load 227180 N

4.6. Method VI: Design based on mechanistic reinforced approach

Haul roads face substantial stresses and heavy loads from mining vehicles, resulting in issues
like rutting, deformation, and frequent maintenance. To address these challenges, stabilizing or
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reinforcing techniques are incorporated into haul road design — reinforced pavement design shares
similarities with unreinforced pavement design. However, the enhanced elastic modulus of the
reinforced pavement layer is adjusted based on the Layer Coefficient Ratio (LCR) outlined in
IRC: SP:59-2019 [23]. The design approach using LCR, IITPAVE software, and a mechanistic-
empirical approach assesses strains at critical points and adjusts layer thicknesses accordingly.
Existing literature includes studies demonstrating a reduction in base layer thickness with the
integration of geogrid reinforcement in pavements, as reported by Sireesh [19], Mamatha [30],
and Pokharel [22]. These studies indicate that the inclusion of reinforcement increases the overall
stiffness of the specific layer. In the LCR method, the rise in the elastic modulus of the reinforced
layer is quantified by adjusting the layer coefficient of that particular layer.

This study explores one such reinforcement technique based on the LCR to design geogrid-
reinforced pavement, considering appropriate values of design traffic, subgrade CBR, and LCR.
Steps 1 to 4 align with the design of unreinforced flexible pavement following IRC-37-2018
[6], while steps 5 to 8 entail additional procedures specific to the design of reinforced flexible
pavements by IRC: SP:59-2019 [23].

Step 1: Determine the design traffic requirements on the pavements regarding the cumula-
tive number of million standard axles (msa).

Step 2: Determine the 90" percentile CBR of the subgrade.

Step 3: Calculate the resilient modulus of the subgrade from the Eqs. mentioned above (6)
& (7) (IRC-37, 2018).

From Eq. (5): Mzg=50 MPa.

Step 4: Based on the expertise and after performing many iterations, the GSB layer and
Base layer thicknesses are selected to be 400 mm and 350 mm, respectively. From Eq. (8), the
resilient modulus of GSB and base layers are 148.22 MPa and 413.79 MPa, respectively.

Step 5: Determine the layer coefficient a,, a3 for the granular subbase and base layer from
their obtained resilient elastic modulus from the Eqgs. (9) and (10) given below:

ay = (0.24910g, Epye) — 0.977 )
as = (0227 logloEGSB) -0.839 (10)

Where Ep,,, and Eggp are the resilient moduli (in psi) obtained from Eq. (9), a, and a5 are the
layer coefficients for the base and GSB layers, respectively.

After calculations, the obtained layer coefficients are a, = 0.21 and a5 = 0.14.

Step 6: Layer coefficients are modified for the reinforced pavements by multiplying them
with LCR, as shown in Eq. (11). As per studies (IRC: SP:59-2019), the range of LCR is considered
in the range of 1.2 to 1.4. In this example, an LCR of 1.2 is selected based on the assumption
that the materials will be used from the mine vicinity.

a[,:(LCR[X a,-) (11)

LCR is taken as 1.2 in this example, and g; is the layer coefficient of the ;™ layer.
After calculations, the modified layer coefficients of the base and GSB layer are obtained as

a;=0252 & a}=0.168
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Step 7: The reinforced layer’s improved elastic, resilient modulus is obtained by back
calculating corresponding to Egs. (8) and (9).
The modified resilient modulus is

"Base = 862.46.79 psi or 594.65 MPa and
E'Gsp=27297.52 psi or 188.20 MPa.

Step 8: Improved elastic modulus is incorporated in IITPAVE to obtain the vertical strain
at the top of the subgrade to satisfy the limiting strain criteria. Analyze the pavement by using
IITPAVE with the following inputs, elastic moduli: 594.65 MPa, 594.65 MPa, 188.20 MPa, and
50 MPa having Poisson’s ratio values of 0.35 for the Surface, base, and GSB layers, and 0.4 for
Subgrade layer — computed vertical compressive strain as 1659 pe < limiting strain of 1919 pe
as shown in TABLE 7. To address unexpected disruptions and uncertainties encountered in the
operational setting, a margin of error of approximately 20% is factored into the mechanistic
design process for haul roads, in accordance with IRC 37 (2018) [6].

TABLE 7
Representing the input and output parameters for the reinforced method in ITPAVE
Input Parameter for IITPAVE software Output parameters and their values
Parameter Values Parameter Values

Number of layers 4 At the top of the subgrade, 1659 e
Tyre pressure 0.7 MPa | vertical compressive strain K
Poisson’s ratio:
» Wearing course, Base, and GSB layers 0.35 Deflection (at surface) 4.69 mm
* Subgrade 0.4

Layer thicknesses (as per designed calculations)
Resilient moduli (calculated as per specifications
as per IRC SP: 59 Codal provisions for
geosynthetic reinforced design)

Wheel load 227180 N

5. Comparative Analysis of the Different Methods Available
for the Design of Mine Haul Roads

This study aims to compare various methods of mine haul road designs, focusing on layer
thickness, deflections, and vertical strains at different depths within the layers. As discussed, the
layer thickness is determined using empirical equations, design charts, and mechanistic design
approaches. The IITPAVE software, a linear elastic layered pavement software developed by IIT
Kharagpur, India, is employed for pavement analysis to obtain deflections and vertical strains.

5.1. Based on Layer Thickness

The Kaufman & Ault [8] formula yields thicker layers, while the reinforced approach pro-
vides thinner layers thickness. Choosing the right thickness is vital for ensuring safe haul road
design, given their role in bearing substantial mining equipment loads. Fig. 12 depicts varying
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layer thicknesses achieved through different design methods. Percentage changes reveal that the
Kaufman & Ault formula sees the highest variation in layer thickness, in contrast to the Atkinson
method, where changes are minimal. Across various regions worldwide, different design methods
are being adopted to construct haul road designs to their unique mining conditions.

The Kaufman & Ault [8] method yields significantly thicker layers due to modifications
replicating the increased stresses from a rear dual-wheel axle at lower depths within the road
layer. Using the Equivalent Single Wheel Load (ESWL) concept to estimate cover thickness, the
mechanistic design approach results in thinner layers than the Kaufman & Ault formula. Con-
versely, the reinforced design approach features significantly reduced cover thickness, attributed
to reinforcement integration in the haul road’s base layer.

2500
@ Granular Subbase Base O Wearing Course
2000
g
g
21500 |
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= .
1000 23
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R
i
0 ;

Ahlvins  Kaufman & Atkinsons Thompson Mechanistic Reinforced
Ault
Design Methods

Fig. 12. Comparison of Pavement Layer Thicknesses from Different Design Methods

Using the Ahlvin [7] method as a reference from Fig. 12, the percentage change in the Kauf-
man & Ault [8] method was 150% higher. In contrast, the Atkinson method showed a 6.25%
reduction, and the mechanistic design approach displayed an 18.75% increase. However, in the
case of the reinforced approach, there was an 18.75% decrease. Interestingly, no significant change
was observed with the Thompson design chart approach. This analysis indicates that the most
cost-efficient option in terms of pavement thickness is the reinforced design approach. While
this approach involves the cost of reinforcing materials, it is still lower than that of reduced-
thickness material.

5.2. Based on Deflections and Vertical Strains

Haul roads are typically designed for the long term to ensure their durability and effectiveness
over an extended operational period. This approach aims to create a robust infrastructure that can
withstand the demands of continuous heavy traffic and varying environmental conditions over
an extended period. Choosing the appropriate haul road design based solely on layer thickness is
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unreliable, as excessive thickness may lead to uneconomical solutions. In contrast, insufficient
thickness could compromise driver safety and vehicular damage. Factors like deflections and
vertical strain are considered in this study for further analysis to ensure the appropriate selec-
tion of haul road design. Using the IITPAVE software, Figs. 13 and 14 represent the deflections
and vertical strains at the surface of the haul roads and the top of the subgrade. These additional
parameters provide valuable insights for making informed decisions on the most appropriate
and efficient haul road design.

The current study adopts a consistent approach of using four layers for all mine haul road
design methods, including empirical, design charts, and mechanistic and reinforced design ap-
proaches. The elastic modulus for the top layer is 150 MPa (modulus of elasticity of crushed
stone is 150-300 MPa), as it lies in the range of modulus value of crushed stone (www.pave-
mentinteractive.org). The Base layer and Granular Subbase (GSB) layer are assigned elastic
moduli of 250 MPa and 150 MPa, respectively, following guidelines provided by Tennant [12].
Additionally, the subgrade is set with a minimum required modulus value of 50 MPa by IRC-37
(2018) [6] specifications.

Allowable deflection at the road surface is less than 8.3 mm and 4.3 mm at the subgrade for a
truck capacity of less than 240 t [16]. Limiting strain allowed for a typical haul road based on the
field observation, and maximum vertical strain has been established to be 1500 to 2000 pe [29,30].

r 4000
- 3500

- 3000

- 2500
2000
1500

- 1000

- 500
0

Ahlvins ~ Kaufman & Atkinsons  Thompson Mechanistic Reinforced
Ault Design Methods

7 ® Deflection at surface M Strain at surface

A~ .

Deflection (mm)
—_— (3] w2
Strain (pe)

[=]

Fig. 13. Representing Deflections and Vertical Strain at the Surface of the Haul Roads

From Fig. 13, it becomes clear that the highest strains observed on the surface of the haul road
fall within the range of 2800 to 3500 pe, with the exceptions of the mechanistic and reinforced
design approaches, which record 1723 and 1302 pe, respectively. Additionally, deflections range
from 5 to 7 mm, except for the Thompson formula, mechanistic and reinforced design methods,
which account for 4.16 mm, 4.1 mm, and 4.69 mm, respectively.

Compared to other design methods, the mechanistic and reinforced design approaches
produce superior results, highlighting the efficiency of geosynthetics in decreasing strains and
deflections on the haul road surface.

In Fig. 14, variations in vertical strain levels are evident at the top of the subgrade among
different design approaches. Atkinson’s [9] approach recorded the highest strain at 3650 pe, while
Kaufman & Ault’s [8] empirical formula design method had the lowest at 645 pe. The mecha-


http://www.pavementinteractive.org
http://www.pavementinteractive.org

www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

551
45 ® Deflection at top of Subgrade M Strain at top of Subgrade - 4000
4 - 3500
@35 - 3000
E? - 2500 2
i L 2000 E
g z
=15 - 1500
2 - 1000
0,5 II II F 500
0 0

Ahlvins  Kaufman & Atkinsons Thompson Mechanistic Reinforced
Ault Design Methods

Fig. 14. Representing Deflections and Vertical Strain at the Top of the Subgrade

nistic design approach set a critical strain limit at 1919 pe, with only three methods meeting this
criterion: Kaufman & Ault’s [8] empirical formula, mechanistic design, and reinforced design.
All design methods fall within the deflection range of 1.5 to 4.5 mm, satisfying the permissible
deflection of up to 5 mm [12]. From the above analysis, it is emphasized that mechanistic design
and reinforced-based design methods can be suitable for practical implications. Further, using these
techniques not only reduces the thickness of layers but also satisfies the critical strain limit criteria.

Kaufman & Ault’s [8] formula approach achieved lower vertical strains due to its substantial
2000 mm cover thickness, though this thickness is economically not suggestible. Mechanistic and
reinforced designs are recommended among the other methods due to their more reasonable layer
thicknesses. The reinforced design features a 650 mm cover thickness, while the mechanistic ap-
proach has a thicker 950 mm cover, marking a 46.5% difference. However, the reinforced design
involves additional costs for installing reinforcing materials during construction, which is expected
to be more cost-effective than the extra thickness needed for the mechanistic approach [31].
Furthermore, it may lower maintenance and operational delay costs than other methods.

This study focused on assessing the vertical strains at various depths of the haul road for
the design methods discussed earlier. Fig. 15 illustrates the vertical strains at different pavement
layers, and these values were compared with the critical strain limit calculated using Eq. (6).
Analyzing Fig. 15, it becomes evident that only two methods meet the critical strain limit criteria:
the mechanistic design approach and the reinforced design approach. Interestingly, the Kaufman
& Ault formula satisfies the critical strain limit at the top of the subgrade. However, it is not
recommended due to its excessive layer thickness, which would be economically impractical.
The other methods need to meet the critical strain limit criteria. Fig. 15 clearly shows a signifi-
cant difference at a thickness of 500 mm between the Atkinson and Mechanistic design methods.
The variation occurs because the Mechanistic design method calculates the resilient modulus for
each layer based on the previous layer. However, the Atkinson method determines layer thickness
from a design chart using assumed modulus values that satisfy minimal criteria for each layer.
The substantial variations in layer thickness and modulus values contribute to a significant change
in strain values at the 500mm thickness. Therefore, it is not advisable to utilise these methods
for construction. The resulting haul roads shall incur higher maintenance costs if they are still
being used, thereby making them less relevant to practical applications.
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Fig. 15. Representing Vertical strains at the various layers of the haul roads

6. Conclusions

This research examines and assesses different existing haul road designs through established
design methods, evaluating their design parameters using the IITPAVE software. The pavement
design incorporates standard truck specifications and subgrade conditions, utilizing various ex-
isting haul road design methods. An illustrative example of one typical pavement cross-section
is presented for each construction method. The research extended beyond layer thicknesses and
encompassed deflections and vertical strains at different layers of the haul roads. Initially, layer
thicknesses are determined using diverse design methods. Subsequently, IITPAVE software for
in-depth analysis is employed to calculate vertical strains and deflections for each design method
at different layers.

The findings demonstrate that the vertical strain at the top of the subgrade for mechanistic
and reinforced design approaches, having 1238 pe and 1659 pe, respectively, effectively meets
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the critical strain limit having 1919 pe. This success can be attributed to incorporating elastic
material properties in mechanistic design calculations, facilitating efficient stress transfer between
grains, and ensuring material resilience. Consequently, these approaches mitigate pavement
distress, including cracking, rutting, and excessive settlement.

Conversely, based on empirical and design chart approaches provide layer thickness estimates
but raise concerns regarding operational safety and cost efficiency. Kaufman & Ault’s empirical
approach yielded an uneconomical layer thickness of 2 m, resulting in higher operational expenses
than mechanistic design. Conversely, Ahlvin, Atkinson, and Thompson’s design chart methods
resulted in leaner pavement thicknesses of 0.8 m, 0.75 m, and 0.8 m, respectively, but did not
meet the critical strain limit criteria. Consequently, these methods are associated with elevated
operational costs and maintenance expenses, especially under heavy axle loads.

Considering the critical importance of mining operations, a judicious design method is es-
sential. Mechanistic and reinforced design methodologies offer reduced overall thickness, having
0.85 m and 0.75 m, respectively, without compromising structural integrity, even under substan-
tial axle loads. Our study underscores the merits of these approaches, as they prioritize material
properties, effectively reduce potential distress, and ensure both safety and cost-effectiveness.
Compared to previously discussed pavement design methods, the reinforced design approach
achieves lower overall thickness while maintaining structural robustness. This approach success-
fully aligns with critical strain limit criteria by accounting for material elasticity, enhancing stress
distribution efficiency, and promoting resilient pavement performance. Therefore, the inclusion
of reinforcement increases strength, reduces maintenance expenses, and decreases pavement
thickness, resulting in lower material costs.
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