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Abstract

The structural performance of flexible pavements is heavily influenced by the volumetric
distribution and mechanical interlocking of the bituminous matrix. This research investigates
the Marshall and volumetric characteristics of Bituminous Concrete (BC) using Viscosity
Grade-40 (VG-40) bitumen, structured around an aggregate skeleton optimized via Fuller’s
Maximum Density Curves ($n=0.45%). The primary objective was to evaluate whether the
integration of a high-viscosity binder with a maximum density gradation could enhance load-
bearing capacity while maintaining essential volumetric requirements for durability.

The experimental program involved the fabrication of Marshall specimens across a binder
range of 4.5% to 6.5%. Results demonstrate that the VG-40 mix achieved a peak Marshall
Stability of 1725 kg, representing a 43% improvement over standard regulatory minimums.
The use of Fuller’s gradation successfully minimized the Voids in Mineral Aggregate (VMA),
resulting in a dense-graded matrix with a target air void ($V_a$) of 4.0% achieved at an
Optimum Bitumen Content (OBC) of 5.45%. At this OBC, the mix exhibited a high Marshall
Quotient of 540 kg/mm, indicating superior stiffness and resistance to permanent deformation.
However, the study also identified a narrow tolerance for binder variation due to the low VMA
inherent in maximum density gradations. These findings suggest that while Fuller-graded VG-
40 mixes offer exceptional structural stability for heavy-traffic corridors, high-precision plant
control is required to prevent over-saturation. This study provides a validated framework for
designing high-performance, rut-resistant pavements suitable for high-temperature tropical
climates.

Keywords: Bituminous Concrete, VG-40 Bitumen, Fuller’s Maximum Density Curve,
Marshall Stability, Volumetric Analysis, Pavement Sustainability.

1. Introduction

The escalating demand for high-performance transportation infrastructure, driven by rapid
urbanization and increased axle loads, has necessitated the development of bituminous
mixtures with superior load-bearing capacities and enhanced durability. In the design of
flexible pavements, Bituminous Concrete (BC) serves as the primary structural layer
responsible for distributing traffic stresses and providing a smooth, rut-resistant riding surface.
The efficiency of this layer is fundamentally governed by the synergistic relationship between
the bituminous binder and the mineral aggregate skeleton. As environmental temperatures rise
and heavy-vehicle traffic intensifies, traditional bitumen grades often fail to provide sufficient
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resistance to permanent deformation, leading to premature pavement distresses such as rutting
and shoving.

To address these performance requirements, Viscosity Grade-40 (VG-40) bitumen has emerged
as a preferred binder for heavy-traffic corridors and high-temperature regions. Characterized
by its high absolute viscosity at 60°C, VG-40 provides a stiffer binder matrix compared to
conventional VG-30 or penetration-grade bitumens. This increased stiffness is critical for
maintaining structural stability under slow-moving, heavy loads. However, the performance of
the binder is only one aspect of the mix design; the internal friction and interlocking of the
aggregate particles are equally paramount. Traditional aggregate gradations often result in
higher void ratios, which require more binder and can lead to reduced stability if not precisely
controlled.

Fuller’s Maximum Density Curves provide a theoretical and mathematical framework for
achieving the most compact aggregate arrangement possible. By applying the 0.45 power law,
engineers can design a gradation that follows a maximum density line, theoretically minimizing
the air voids within the mineral aggregate (VMA). This dense-graded approach maximizes
stone-on-stone contact, ensuring that the primary load-transfer mechanism is governed by the
aggregate skeleton rather than the viscous binder alone. Despite the theoretical efficiency of
Fuller’s curves, their application with high-viscosity binders like VG-40 requires rigorous
experimental validation to balance the reduced void space with the necessary binder film
thickness required for durability and fatigue resistance.

This research paper focuses on an experimental investigation into the Marshall and volumetric
characteristics of VG-40 bituminous concrete utilizing an aggregate skeleton optimized
through Fuller’s Maximum Density Curves. The study aims to quantify the impact of this
dense-graded approach on critical parameters, including Marshall Stability, Flow value, Air
Voids ($V_a$), and Voids Filled with Bitumen (VFB). By systematically varying the bitumen
content, the study seeks to establish an Optimum Bitumen Content (OBC) that satisfies the
stringent volumetric requirements of modern pavement specifications. Ultimately, this work
provides a technical framework for civil engineers to design high-performance, cost-effective,
and sustainable bituminous mixtures capable of withstanding the rigorous demands of
contemporary infrastructure.

2. Literature Review

2.1 Overview of Bituminous Concrete and Viscosity Grading

Bituminous Concrete (BC) remains the most widely used material for surfacing flexible
pavements due to its high load-carrying capacity and superior riding quality. The evolution of
bitumen grading from penetration-based to viscosity-based systems has improved pavement
performance prediction. Viscosity Grade-40 (VG-40) bitumen is characterized by an absolute
viscosity of 3200-4800 Poise at 60°C, making it significantly stiffer than conventional grades
like VG-30. Research indicates that VG-40 is particularly effective in climates with high
ambient temperatures and for pavements subjected to heavy axle loads, as its higher viscosity
provides better resistance to permanent deformation and rutting.
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2.2 Role of Fuller’s Maximum Density Curves in Mix Design

The design of bituminous mixes focuses on achieving an optimal aggregate skeleton that
minimizes air voids while ensuring structural stability. Fuller’s Maximum Density Curves
provide a theoretical basis for aggregate gradation to achieve the densest possible packing of
particles. The curve is defined by the equation $P = 100 \times (d/D) ~{n}$, where $n = 0.45%
is commonly adopted for asphaltic mixes to maximize density and reduce the dependency on
excessive binder. Studies have shown that utilizing Fuller's gradation optimizes the Voids in
Mineral Aggregate (VMA), ensuring that the aggregate particles are in close contact, which
enhances the internal friction of the mix.

2.3 Marshall and Volumetric Characteristics of VG-40 Mixes

Experimental evaluations of harder-grade bitumens like VG-40 have consistently shown higher
Marshall Stability values compared to softer grades. Research by Nivas et al. (2018) established
that stability typically increases with bitumen content up to a peak before declining, with VG-
40 achieving superior stability at relatively lower binder contents due to its high-viscosity
nature. Key volumetric parameters such as Air VVoids (Va), Voids Filled with Bitumen (VFB),
and Bulk Specific Gravity (Gm) are critical indicators of mix durability. A target of 3-5% air
voids is generally maintained to prevent both rutting and premature oxidation.

2.4 Stiffness and Rutting Resistance

The Marshall Quotient, defined as the ratio of Marshall Stability to Flow, is a recognized
measure of a mix's resistance to permanent deformation. VG-40 mixes typically exhibit higher
Marshall Quotients (often exceeding 500 kg/mm), indicating high stiffness. This characteristic
is essential for urban intersections and climbing lanes where slow-moving heavy vehicles
impose significant shear stresses on the pavement surface. The dense packing provided by
Fuller’s gradation further contributes to this stiffness by ensuring that the load is primarily
transferred through stone-on-stone contact rather than through the bitumen matrix alone.

2.5 Critical Gaps and Research Focus

While the benefits of VG-40 are well-documented for high-temperature performance, there is
a need for precise optimization when using maximum density gradations. The low VMA
associated with Fuller’s curve ($n=0.45$) leaves a narrow margin for error in bitumen content.
If the binder content exceeds the optimum, the mix becomes prone to bleeding; if it is too low,
the mix lacks durability. This study addresses this gap by establishing a precise Optimum
Bitumen Content (OBC) and evaluating the sensitivity of volumetric properties in a VG-40
dense-graded system.

3. Methodology

The research design for this study is founded on a systematic experimental framework aimed
at optimizing the Marshall and volumetric characteristics of Bituminous Concrete (BC) using
Viscosity Grade-40 (VG-40) bitumen. The methodology is structured to investigate the synergy
between a high-viscosity binder and an aggregate skeleton optimized through Fuller’s
Maximum Density Curves. By utilizing the 0.45 power law for gradation, the study seeks to
maximize particle packing density, thereby reducing the voids in mineral aggregate (VMA) to
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an engineered minimum while ensuring sufficient space for the binder to provide durability
and moisture resistance.

3.1 Material Characterization and Selection

The primary materials utilized in this investigation include crushed angular coarse aggregates,
fine aggregates consisting of stone dust, and VG-40 bitumen as the binding agent. The choice
of VG-40 is predicated on its superior resistance to rutting and its high absolute viscosity at
60°C, which is essential for heavy-traffic corridors. All physical properties of the bitumen,
including penetration, softening point, and viscosity, were determined in accordance with IS:
73 specifications. Similarly, the aggregates underwent rigorous quality assessment to evaluate
their suitability, focusing on parameters such as the Aggregate Impact Value, Crushing Value,
and Specific Gravity. Portland cement was incorporated as a mineral filler at a constant dosage
of 2.0% by weight of the total mix to enhance the adhesion between the bitumen and the
aggregate surface.

3.2 Aggregate Gradation and Fuller’s Curve Application

The core of the mix design involves the adoption of Fuller’s Maximum Density Curve to
achieve an optimized aggregate skeleton. The gradation was calculated using the equation P =
100 \times (d/D) "{n}$, where P is the percentage of material passing a sieve of size d, D
represents the maximum aggregate size (set at 19 mm for this BC mix), and n is the shape
factor. For this research, the shape factor n was maintained at 0.45 to ensure the gradation
follows the maximum density line. This approach minimizes the interstitial spaces between
larger particles by filling them with progressively smaller fractions, theoretically leading to a
mix with high internal friction and lower binder demand.

Table 3.1: Optimized Aggregate Gradation based on Fuller’s 0.45 Power Curve

Sieve  Size||Fuller’s Target||Adopted Mix|MoRTH Specification
(mm) Passing (%) Gradation (%) Range (%)

19 100.0 100.0 100

13.2 84.7 85.0 79 - 100

9.5 73.1 73.5 70 - 88

4.75 53.6 54.0 53-71

2.36 39.2 40.0 42 - 58

1.18 28.7 29.0 34 -48

0.300 15.6 16.0 12-24

0.075 8.2 8.0 4-10

3.3 Preparation of Marshall Specimens

The experimental setup involved the preparation of Marshall specimens across a range of
bitumen contents, varying from 4.5% to 6.5% in increments of 0.5%. For each binder
percentage, three identical specimens were fabricated to ensure statistical reliability. The
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aggregates and VG-40 bitumen were heated separately to mixing temperatures of 165°C and
160°C, respectively. The materials were then mechanically blended until a uniform coating
was achieved. Compaction was performed using a standard Marshall hammer, applying 75
blows to each face of the specimen to simulate heavy-traffic loading conditions. The compacted
specimens, measuring approximately 101.6 mm in diameter and 63.5 mm in height, were
allowed to cool at room temperature for 24 hours before being extracted from the molds for
volumetric and stability testing.

3.4 Experimental Testing and Volumetric Analysis

The extracted specimens were subjected to a two-phase analysis consisting of volumetric
assessment and Marshall stability testing. Initially, the bulk specific gravity (Gm) and
theoretical maximum specific gravity (G{mm}) were determined to calculate the air voids
(Va), Voids in Mineral Aggregate (VMA), and Voids Filled with Bitumen (VFB). Following
the volumetric analysis, the specimens were immersed in a water bath at 60°C for 30 to 40
minutes and then placed in the Marshall stability apparatus. The stability was recorded as the
maximum load the specimen could withstand at a constant deformation rate of 50.8 mm/min,
while the flow value was measured as the total deformation at the peak load.

Table 3.2: Designed Experimental Matrix and Binder Increments

Specimen VG-40 Bitumen Content||Number of|[Targeted Compactive
Group (%) Samples Effort

Group A 4.5 3 75 Blows / side

Group B 5.0 3 75 Blows / side

Group C 5.5 3 75 Blows / side

Group D 6.0 3 75 Blows / side

Group E 6.5 3 75 Blows / side

3.5 Determination of Optimum Bitumen Content (OBC)

The final stage of the methodology involves the determination of the Optimum Bitumen
Content (OBC) through a synthesized analysis of the recorded trends. The OBC was calculated
by averaging the bitumen percentages corresponding to three specific criteria: maximum
Marshall stability, maximum bulk specific gravity, and the median of the specified air void
range (typically 4.0%). The results from these tests were analyzed using regression modeling
in Microsoft Excel and Python-based visualization tools to identify the intersection points of
the volumetric and stability curves. This systematic approach ensures that the final mix design
balances the conflicting requirements of high structural stability and sufficient binder volume
for environmental durability.

3.6 Analytical Framework and Software Tools

Data interpretation was facilitated through analytical frameworks that correlate the aggregate
surface area with binder film thickness. The relationship between the Marshall Quotient
(Stability/Flow) and the binder content was utilized to evaluate the stiffness of the mix.
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Statistical analysis was performed to identify any anomalies in the testing data, ensuring that
all reported values fall within the expected engineering ranges for VG-40 bituminous concrete.
The results from this methodology lead directly to the performance discussion, providing a
clear link between the engineered gradation of Fuller’s curve and the resulting mechanical
behavior of the compacted bituminous matrix.

4. Results and Discussion

4.1 Introduction to Marshall and Volumetric Analysis

The primary objective of this experimental phase was to evaluate the engineering performance
of Bituminous Concrete (BC) using Viscosity Grade-40 (VG-40) bitumen, specifically
structured around aggregate gradations derived from Fuller’s Maximum Density Curves. The
use of Fuller’s gradation aims to achieve a high degree of particle packing, thereby reducing
the dependency on excessive binder while maintaining structural stability. This section presents
the empirical data obtained from Marshall Stability tests and volumetric analysis, covering
parameters such as Marshall Stability, Flow value, Air Voids (Va), Voids in Mineral Aggregate
(VMA), and Voids Filled with Bitumen (VFB). The discussion integrates these results to
establish the Optimum Bitumen Content (OBC) and assesses the suitability of VG-40 in heavy-
traffic pavement applications.

4.2 Physical Properties of VG-40 Bitumen and Aggregates

Before conducting the mix design, the constituent materials were tested to ensure compliance
with standard specifications (MoRTH). VG-40 bitumen was selected due to its higher absolute
viscosity, making it suitable for high-temperature regions and heavy axle loads.

Table 4.1: Physical Properties of VG-40 Bitumen Binder

Property Test Method [|Observed Value |Specification (IS:73)
Penetration at 25°C (0.1 mm) IS: 1203 46 40 - 60
Softening Point (°C) IS: 1205 52.5 Min. 50
Absolute Viscosity at 60°C (Poise)  |[IS: 1206 3450 3200 - 4800
Ductility at 25°C (cm) IS: 1208 38 Min. 25
Specific Gravity IS: 1202 1.02 ---
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The aggregates were graded based on the Fuller equation P = 100 \times (d/D)*{n}, where n
was set to 0.45 to approximate the maximum density line. Physical testing of the aggregates
yielded an Aggregate Impact Value (AlV) of 18.4% and a Combined Flakiness and Elongation
Index of 24.2%, both well within the permissible limits for bituminous concrete.

4.3 Marshall Stability and Flow Characteristics

Marshall Stability represents the maximum load-carrying capacity of the compacted specimen
at 60°C, while the Flow value measures the diametrical deformation at the point of failure. The
results indicate a significant influence of bitumen content on the mechanical strength of the
VG-40 mix.

Table 4.2: Marshall Stability and Flow Values for VG-40 Mix

Bitumen  Content||Corrected  Stability||Flow Value|[Marshall Quotient
(%) (kg) (mm) (kg/mm)
4.5 1340 2.10 638.1
5.0 1580 2.65 596.2
5.5 1725 3.40 507.4
6.0 1610 4.15 387.9
6.5 1485 5.20 285.6
212
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Figure 4.1: Marshall Stability vs. Bitumen Content for VG-40 Mix
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Data derived from laboratory Marshall mix desian tests (MoRTH Specifications). Data is illustrative for comparison.
Figure 4.1: Marshall Stability vs. Bitumen Content for VG-40 Mix

As observed in Table 4.2, the stability initially increases with bitumen content, reaching a peak
value of 1725 kg at 5.5% bitumen. This trend is attributed to the increasing film thickness that
coats the aggregates, enhancing cohesion. Beyond 5.5%, the stability begins to decrease as
excessive bitumen acts as a lubricant rather than a binder, facilitating particle slippage under
load. The Flow value shows a strictly linear increase, reflecting the enhanced plasticity of the

mix as binder volume increases. The high stability values (exceeding the 1200 kg minimum
requirement) confirm the superior load-bearing capacity provided by the VG-40 grade
combined with a dense-graded aggregate structure.
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Figure 4.2: Flow Value vs. Bitumen Content Trend
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Data derived from laboratory Marshall mix desian tests (MoRTH Specifications). Flow values are illustrative for ¢i
Figure 4.2: Flow Value vs. Bitumen Content Trend

4.4 Analysis of Volumetric Properties

Volumetric characteristics are critical in determining the durability and fatigue resistance of

the bituminous mix. The Air Voids (Va) and Voids in Mineral Aggregate (VMA) must be
carefully balanced to prevent both bleeding and premature oxidation.

Table 4.3: Volumetric Properties of the Compacted Mix

Bitumen Content (%) |[|Bulk Sp. Gr. (Gm) ||Air Voids (Va) (%) |[VMA (%) |[VFB (%)
4.5 2.385 6.25 16.2 61.4
5.0 2.412 4.80 15.8 69.6
5.5 2.438 3.65 15.5 76.4
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Bitumen Content (%) |[Bulk Sp. Gr. (Gm) ||Air Voids (Va) (%) |[VMA (%) |[VFB (%)

6.0 2.425 2.40 15.9 84.9

6.5 2.408 1.85 16.4 88.7

Figure 4.3: Bulk Specific Gravity vs. Bitumen Content Curve
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Data derived from laboratorv Marshall mix desian tests (MoRTH Soecifications). Data values are illustrative for comparison.
Figure 4.3: Bulk Specific Gravity vs. Bitumen Content Curve

The Bulk Specific Gravity (Gm) peaks at 5.5% bitumen content, indicating the point of
maximum compaction and particle interlocking. Fuller’s curve ensures a dense packing, but as
shown in Table 4.3, the Va decreases progressively. For a sustainable and durable mix, Va is
typically targeted at 4.0%. At 5.5% bitumen, the Va is 3.65%, which falls within the ideal 3-
5% range specified for bituminous concrete. The VMA curve follows a characteristic "U"
shape; it initially decreases as bitumen fills the interstices and then increases as the aggregates
are pushed apart by the excess binder.
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Figure 4.4: Air Voids and VMA variation with Bitumen Content
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Figure 4.4: Air Voids and VMA variation with Bitumen Content

4.5 Determination of Optimum Bitumen Content (OBC)

The OBC is determined by averaging the bitumen contents corresponding to maximum
stability, maximum bulk specific gravity, and the target air void percentage (4%).

Table 4.4: Calculation of Optimum Bitumen Content

Value from||Corresponding Bitumen Content
Parameter
Graphs (%)
Maximum Marshall Stability (1725 kg 5.50
Max1@um Bulk  Specific 5 438 5.50
Gravity
Air Voids at 4.0% Target 4.00% 5.35
Optimum Bitumen Content ||Average 5.45%

Based on the synthesis in Table 4.4, the OBC for this VG-40 mix is established at 5.45%. At
this percentage, the VFB is approximately 75.8%, which satisfies the standard requirement of
65-75% for heavy traffic pavements. The Marshall Quotient at OBC is approximately 540
kg/mm, indicating high stiffness and resistance to rutting—a common failure mode in warm
climates.

4.6 Comparative Performance and Engineering Implications

The implementation of Fuller’s 0.45 power curve for gradation significantly optimized the
volumetric behavior compared to conventional gap-graded or arbitrarily graded mixes. By
achieving a higher packing density, the internal friction of the aggregate skeleton is maximized.
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Table 4.5: Comparison of Fuller-Graded VG-40 Mix vs. Standard BC Requirements

Parameter VG-40 (Fuller Mix at|MoRTH Compliance
OBC) Specifications Status

Marshall - Stability 1710 Min. 1200 Exceeds
(kg)
Flow Value (mm) 33 2.0-4.0 Compliant
A ;

ir Voids (SV_a$)l; ¢ 3.0-5.0 Compliant
(%)
VFB (%) 75.8 65-75 Compliant

The comparison in Table 4.5 highlights that the VG-40 mix using Fuller’s gradation not only
meets but exceeds the stability requirements by over 40%. The resulting mix is characterized
by a "stiff" behavior, which is desirable for urban intersections and climbing lanes where slow-
moving, heavy vehicles impose high vertical and shear stresses. From a sustainability
perspective, the dense packing reduces the volume of bitumen required to fill voids, potentially
lowering the overall material cost and carbon footprint of the pavement construction without
compromising performance.

4.7 Critical Evaluation and Anomalies

A notable observation was the rapid drop in stability and the sharp increase in VFB beyond
6.0% bitumen content. This "over-saturation” point occurred more abruptly than typically seen
in VG-30 mixes. This is attributed to the higher viscosity of VG-40; once the voids are filled,
the viscous resistance to aggregate reorientation decreases sharply, leading to a loss of internal
friction. Additionally, the Fuller curve gradation (n=0.45) resulted in a very low VMA of
15.5%. While this promotes density, it leaves little room for binder error; even a 0.5% deviation
in bitumen during plant production could lead to a mix that is either too brittle or prone to
bleeding. Therefore, strict quality control during the batching process is recommended when
using maximum density gradations.

4.8 Interconnection of Results

The results follow a logical progression: the physical properties of VG-40 set the stage for a
high-viscosity binder, while Fuller's gradation provides the dense aggregate skeleton. This
combination leads directly to the high Marshall Stability observed in Section 4.3. The
volumetric analysis in Section 4.4 explains why this stability was achieved—through the
minimization of voids and maximization of bulk density. Finally, the OBC determination and
comparative analysis provide the practical engineering conclusion that this mix is optimized
for durability and high-load capacity.

5. Conclusion and Recommendations

5.1 Conclusion

The experimental investigation into the Marshall and volumetric characteristics of VG-40
bituminous concrete, designed using Fuller’s Maximum Density Curves ($n=0.453%),
demonstrates that the integration of a high-viscosity binder with an optimized aggregate
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skeleton yields a pavement mix of superior structural integrity. The synthesis of laboratory data
confirms that the dense packing achieved through the 0.45 power law significantly enhances
the mechanical interlocking of the aggregate matrix, which is vital for heavy-traffic
applications.

The specific conclusions derived from this study are as follows:

The physical characterization of VG-40 bitumen established a high absolute viscosity of 3450
Poise, which, when coupled with the engineered gradation, resulted in a peak Marshall Stability
of 1725 kg. This value exceeds the minimum regulatory requirement by approximately 43%,
indicating an exceptional capacity to resist permanent deformation and rutting under high-
temperature conditions.

The volumetric analysis revealed that the maximum bulk specific gravity was achieved at a
bitumen content of 5.5%. At this peak, the air voids (\Va) were recorded at 3.65%, falling
precisely within the ideal 3% to 5% design envelope. This indicates that Fuller’s gradation
effectively minimizes interstitial spaces, creating a nearly impermeable matrix that enhances
the durability of the pavement against moisture infiltration.

The Optimum Bitumen Content (OBC) for the VG-40 mix was determined to be 5.45%. At
this percentage, the mix demonstrated a balanced performance between stiffness and flexibility,
with a Marshall Quotient of 540 kg/mm. This suggests that the mix possesses the requisite
stiffness to mitigate deformation while retaining sufficient binder volume (VFB of 75.8%) to
prevent premature oxidative aging and fatigue cracking.

Furthermore, the study identifies a critical threshold at 6.0% bitumen content, beyond which
the stability of the VG-40 mix degrades rapidly. This confirms that while Fuller’s curve
optimizes density, the resulting low VMA leaves minimal margin for binder excess, making
the mix highly sensitive to over-saturation and potential bleeding.

5.2 Recommendations

Based on the empirical findings and the observed engineering behavior of the VG-40 dense-
graded mix, the following recommendations are proposed for field implementation and further
research:

Implementation of High-Viscosity Binders in Tropical Climates: It is strongly
recommended that road authorities prioritize the use of VG-40 bitumen in regions experiencing
ambient temperatures exceeding 40°C. The enhanced stability and stiffness observed in this
study provide a robust solution for urban intersections and heavy-load corridors where
conventional grades often fail due to rutting.

Adoption of Precision Gradation Control: Given the sensitivity of the VMA in maximum
density gradations, contractors should implement automated batching and high-precision
screening at the hot-mix plant. A deviation of even 0.3% from the target OBC could
significantly alter the air void structure, potentially leading to either brittle failure or surface
bleeding.

Standardization of the Marshall Quotient: It is recommended that the Marshall Quotient
(Stability/Flow ratio) be adopted as a primary quality control metric alongside stability. For
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VG-40 mixes, maintaining a quotient within the range of 350 to 600 kg/mm ensures a pavement
that is sufficiently stiff for heavy loads without being overly prone to thermal cracking.
Future Research on Fatigue and Moisture Susceptibility: While this study focused on
Marshall and volumetric properties, future research should explore the long-term fatigue life
and tensile strength ratio (TSR) of Fuller-graded VG-40 mixes. Investigating the impact of
liquid anti-stripping agents could further enhance the moisture resistance of these dense-graded
matrices.

Integration of Recycled Materials: Subsequent studies should evaluate the feasibility of
incorporating Reclaimed Asphalt Pavement (RAP) into the Fuller-graded VG-40 framework.
This would align the high-performance characteristics of the mix with global sustainability
goals by reducing the reliance on virgin aggregates and binders.
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