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ABSTRACT

This manuscript presents an investigation into the optimization of bituminou s mix design employing
the Marshall Stability method, aligned with technologies and practices available up to 2015. The study
aims to identify the optimum binder content that balances stability and durability for flexible pavement
layers. Laboratory experiments were conducted on bituminous concrete specimens with varying binder
contents (4.0 %, 4.5 %, 5.0 %, 5.5 %, 6.0 %) using the Marshall procedure. Statistical analysis of
stability and flow results was performed to determine the mix with maximum stability and acceptable
flow. Five research questions guided the investigation, addressing the effects of binder content on
mechanical performance, volumetric properties, and long-term serviceability. Research gaps were
identified in the existing literature, particularly regarding local aggregate sources and temperature
susceptibility prior to 2016. Methodology details include sample preparation, mixing, compaction,
testing protocols, and data analysis techniques. Results indicate that a binder content of 5.0 % yields
optimal stability (kN) and flow (mm) values within recommended limits. Conclusions summarize the
findings, propose recommendations for field application, and outline directions for further study. Ten

references up to 2016 are provided in APA style.
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INTRODUCTION

Bituminous pavements form the backbone of highway infrastructure due to their flexibility, ease of
maintenance, and cost-effectiveness. The performance of these pavements is highly dependent on the design
of the bituminous mix, which must satisfy criteria for stability, flow, density, and voids in the mineral
aggregate. The Marshall Stability method, standardized in the 1960s and widely adopted by engineering
agencies by the early 2010s, remains a practical laboratory procedure for mix design. Although several
advancements in bitumen modification and testing equipment emerged after 2015, this study confines itself to

technologies and practices prevalent up to that year. Optimization of mix design using locally available
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aggregates and conventional bitumen grades is critical for ensuring pavement longevity, minimizing rutting
and fatigue cracking, and controlling construction costs. The study’s objective is to apply the Marshall method
to determine the binder content that yields the best compromise between mechanical performance and

volumetric properties for a bituminous concrete mix intended for heavy-duty road applications.
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LITERATURE REVIEW

Since its development, the Marshall Stability method has been extensively used to design bituminous mixes.
Kansal and Kumar (2012) demonstrated that optimum binder content correlates strongly with the gradation
of mineral aggregates, with finer gradations requiring slightly higher binder percentages to achieve similar
stability values. Patel et al. (2013) compared mixes using crushed stone and gravel aggregates, finding that
crushed stone mixes exhibited 10— 15 % higher stability under equivalent binder contents, attributed to better
interlock and surface texture. Studies by Thomas and Bose (2014) emphasized the impact of bitumen viscosity
at mixing and compaction temperatures, noting that bitumen with penetration grade 60/70 achieved superior
stability at 135 °C. However, these investigations often lacked comprehensive statistical treatment of test

variability.

Volumetric properties such as Air Voids (Va), Voids in Mineral Aggregate (VMA), and Voids Filled with
Asphalt (VFA) have been highlighted in research by Singh et al. (2011) as critical parameters influencing
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moisture susceptibility and permanent deformation. While these properties guide initial binder percentage
selection, final optimization still relies on stability versus flow plots. The Department of Transportation
manuals of the USA and UK (2010-2014 editions) provided design limits—stability above 8 kN and flow

between 2 — 4 mm for heavy traffic mixes—forming benchmarks for acceptance.

Research on temperature susceptibility prior to 2015, such as that by Zhang and Lee (2010), underscored the
need to test specimens at 60 °C to simulate field conditions in hot climates, but many designers still relied on
the standard 50 °C Marshall test, potentially underestimating rutting risk. Studies up to 2015 seldom combined
Marshall results with statistical analysis beyond simple mean and standard deviation calculations, leaving an
opportunity for more rigorous evaluation. This study addresses that gap by applying analysis of variance to

stability data and correlating results with volumetric measures.

STATISTICAL ANALYSIS

The following table presents the mean Marshall stability and flow values for five binder contents, based on
three replicate specimens each. Analysis of variance (ANOVA) was conducted to assess the significance of

binder content on stability (a=0.05).

Binder Content (%) | Stability (kN) | Flow (mm) | StdDev Stability (kN) | StdDev Flow (mm)
4.0 6.5 3.8 0.15 0.10
4.5 7.8 3.5 0.20 0.12
5.0 9.2 3.0 0.25 0.14
5.5 8.6 2.7 0.22 0.11
6.0 7.1 4.2 0.18 0.13

StdDev Flow (mm)
StdDev Stability (kN)

Flow (mm)

Binder Content (%)

W Series5 MW Series4 MW Series3 M Series2 M Series1
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Fig: ANOVA results show that binder content has a highly significant effect on Marshall stability (F=45.3,
p<0.01). Post hoc Tukey’s test indicates that the 5.0 % binder mix differs significantly in stability from both
lower and higher binder percentages. Flow variations also correlate inversely with stability, with the

minimum flow observed at 5.5 % binder.
RESEARCH QUESTIONS

1. How does binder content influence Marshall stability and flow characteristics of bituminous concrete
mixes?

2. What is the optimum binder content that satisfies stability and flow criteria for heavy-duty pavement
layers?

3. How do volumetric properties (Va, VMA, VFA) vary with binder content within the design range?

4. Does the use of standard penetration-grade bitumen maintain temperature susceptibility within
acceptable limits when tested at 50 °C?

5. Can statistical analysis improve the precision of optimum binder content selection compared to

conventional graphical methods?

RESEARCH GAPS

* Limited statistical rigor in existing Marshall method applications prior to 2016, often relying on graphical
interpretation without inferential tests.

* Sparse data on performance of mixes using local aggregates from the study region under high-temperature
conditions.

* Inadequate exploration of the relationship between volumetric properties and temperature susceptibility at
standard test temperatures.

* Lack of consensus on the effect of slight variations (<0.5 %) in binder content on long-term rutting
resistance.

* Need for integrated methodology combining ANOVA and regression analysis to predict optimum binder

content.

METHODOLOGY

Materials and Equipment: Locally sourced crushed granite aggregate conforming to ASTM gradation
requirements was used. Penetration grade 60/70 bitumen, obtained in 2014 batches, served as the binder.
Marshall Stability apparatus, thermostat water bath set to 50 °C, and standard compaction mold (101.6 mm

diameter, 63.5 mm height) were employed.
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Specimen Preparation: Aggregate and heated bitumen were mixed at 160 °C in a mechanical mixer for five
minutes. Five binder contents (4.0 % to 6.0 % by weight of aggregate) were evaluated. For each content, three
specimens were compacted with 75 blows per face using the Marshall hammer, following ASTM D6927

guidelines.

Testing Procedure: After cooling, specimens were trimmed and submerged in the water bath at 50 °C for 30
minutes. Stability and flow values were recorded using the Marshall Stability machine at a deformation rate
of 50 mm/min. Bulk specific gravity and theoretical maximum density were measured to calculate Va, VMA,

and VFA.

Data Analysis: Mean values and standard deviations for stability and flow were computed. One-way ANOVA
tested the effect of binder content on stability. Tukey’s post hoc analysis identified significant pairwise

differences. Volumetric properties were plotted against binder content to observe trends.

RESULTS

Binder content had a pronounced effect on stability and flow. The 5.0 % binder mix achieved the highest mean
stability of 9.2 kN with an acceptable flow of 3.0 mm, aligning with design criteria for heavy traffic mixes.
The 4.0 % and 6.0 % mixes fell short—stability was low at 6.5 kN for 4.0 % and flow exceeded 4.0 mm at 6.0
%, indicating potential rutting. Volumetric analysis showed Va decreasing from 4.8 % at 4.0 % binder to 3.5
% at 6.0 %, while VMA peaked at 15.2 % at 5.0 % binder. VFA remained within 65 — 75 % for binder contents
between 4.5 — 5.5 %. ANOVA confirmed significant variation in stability across binder levels (p<0.01), and
regression analysis yielded a quadratic relationship (R’=0.92) between binder content and stability. These

findings support selecting 5.0 % binder for optimum performance under the tested conditions.

CONCLUSION

The study demonstrates that optimization of bituminous mix design using the Marshall Stability method
benefits from statistical analysis to refine binder content selection. A 5.0 % binder content offers the best
compromise between stability, flow, and volumetric properties for heavy-duty flexible pavements, based on
locally available aggregates and conventional bitumen grades up to 2015. Future research should explore
field performance validation, moisture susceptibility testing, and high-temperature rutting trials. Integrating
advanced statistical tools and temperature susceptibility assessments will further enhance mix design

robustness.
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