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Abstract

60/70 bitumen is used as the main binder in pavement construction of Bangladesh
which experiences numerous types of defects require frequent maintenance and are
extremely vulnerable to traffic loading, moisture damage and temperature changes.
Hence, an effort has been made to enhance the bitumen quality by adding
modifiers with the neat bitumen. And also, bituminous concrete mixes have been
evaluated for some performance parameters to justify the bitumen quality. On the
other hand, vehicles are increasing approximately 0.5 million per year in
Bangladesh with the increase of life standard, country development, economic
zones, population and road network which produce a significant amount (150,000
tons) of non-biodegradable waste tires. It may be advantageous for the
environment and the economy by using this waste material as a bitumen modifier,
producing Crumb Rubber Modified Bitumen (CRMB). Polymer Modified Bitumen
(PMB) is used in many countries over the world due to its enhanced properties, so
it has also been considered to verify the suitability over neat binder and CRMB.

The research includes laboratory investigation of binders (60/70, PMB & CRMB)
properties and found CRMB has more enhanced. Marshall mix design approach
has been used to determine the Marshall properties and Optimum Bitumen
Content (OBC). The OBC’s of bituminous mixes prepared by neat 60/70 bitumen,
PMB, and CRMB were found to be 5.05%, 5.10% and 5.30% respectively. The
retained stability of 60/70 bitumen, PMB, and CRMB mixtures were found to be
79.0%, 92.6% and 95.0% respectively. Based on Indirect Tensile Strength (IDT) test,
the Tensile Strength Ratio (TSR) values for the respective mixtures were found to
be 84.0%, 94.4% and 93.2%. Again, based on moisture induced damage test, the TSR
values were found to be 83.1%, 90.1% and 93.0% for the respective bituminous
mixes.

The modified bitumen showed higher softening point, higher elastic recovery,
lower temperature susceptibility and lower stripping value. Moreover, higher
resistance to moisture induced damage and retained stability were observed for the
modified bituminous mixes. Finally, it can be concluded that, the performance of
modified binders are better than that of neat 60/70 bitumen as they are less
susceptible to temperature and moisture, causing less maintenance and
rehabilitation costs over the pavement's lifespan. Since the CRMB performed best
out of the two modified bitumen, it can be considered as a sustainable alternative

for durable and effective road development in Bangladesh.

Keywords: Flexible pavement, Water sensitivity, Temperature variation, Waste
tires, CRMB, PMB, Sustainable Development.
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Chapter 1: INTRODUCTION

This chapter outlines the general (section 1.1) discussion about the chapter,
background (section 1.2) and problem identification (section 1.3) of the research and its
objectives (section 1.4). Next, section 1.5 describes the scope of this research. Finally,
section 1.6 shows organization of the thesis includes an outline of the chapters of the

Thesis.

1.1 GENERAL

High population density, high productivity of land, intensive cultivation
& farming and rapid industrialization have been contributing to the economic
growth of Bangladesh. To meet the necessity of economic development of
Bangladesh, day by day the demands of transporting goods, equipment, fuel
etc. and frequent movement of human being are being increased through
roadway transport system notably. Bangladesh has around 3,75,000 km road
network comprising National highway, Regional highway, Zila road, Upazila
road, Union road, and Village road [1]. RHD is the road authority in
Bangladesh which is responsible for the management of major road network
that includes National Highways, Regional Highways and Zilla Roads. Total
RHD paved road network is around 19,387 km (91 % of total length) of which
3,759 km is National Highway, 4,043 km is Regional Highway and the rest
11,584 km is Zilla Roads. This infrastructure development is necessary to
enhance economic growth, business opportunities, international trade and
increased agricultural production. At the same time this infrastructure needs
investment for repair and rehabilitation taking account of increased level of

traffic.
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In Bangladesh, flexible pavements make up about 90% of all paved roadways.
When building flexible pavements, bitumen is an essential component. Because
of its special qualities, it is the perfect binding agent for the aggregates used in
road building, ensuring that the road will be strong and long-lasting and able to
tolerate both severe weather and high traffic volumes. However, traditional
bituminous pavements require regular maintenance and are extremely
vulnerable to moisture damage and temperature fluctuations. Water intrusion,
heavy vehicle stress, seasonal temperature fluctuations that promote expansion
and contraction, oxidation, aging, and sun exposure are some of the factors that
lead to bituminous pavement failure. Bituminous roads are susceptible to a
wide range of faults, such as deep and shallow potholes, surface deterioration,
edge failure, cracking, rutting, and subsidence [2]. So, properties of bitumen
and bituminous mixes are required to be improved with the incorporation of
certain additives or blend of additives. These additives are called modifiers and
the bitumen premixed with these modifiers is known as “Modified Bitumen”.
Polymer modified bitumen (PMB) and waste crumb rubber modified bitumen
(CRMB) can be taken as modified binder to evaluate their comparative
preference with respect to neat 60/70 bitumen.

The economic advantages and desirable physical and rheological characteristics
of asphalt binders and asphalt mixes make crumb rubber (CR) modifier one of
the most widely used asphalt binder modifiers [3]. CRMB represents an
innovative approach to enhancing the performance and longevity of asphalt
pavements by incorporating recycled rubber derived from discarded tires into
bituminous binders. This recycled rubber is processed into fine particles, known
as crumb rubber, which are then blended with bitumen to form a modified
binder with unique properties. The use of rubber crumb as additives has been
reported to improve the service life of pavements, require less maintenance, and

drive comfort [4].
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According to BRTA Annual Report 2022-2023 [44], the total number of
registered vehicles since 1987 is 1,75,000. As on 30th June 2023, the total number
of registered vehicles has increased to 57,59,353. The BRTA has approved
4,69,167 registered vehicles during the year 2022-2023. Therefore, disposal of
waste tires is increased due to increased vehicles and mobility of people in
Bangladesh. The total yearly generation of scrap tires is around 90,000 tons in
2008 [5] and 150,000 tons in 2016 [6].

50,400 tons of discarded tires are recycled annually at Bangladesh's 35 tire
recycling facilities, which primarily employ pyrolysis technology. The tires are
broken down into their four main components using pyrolysis: (i) oil (a diesel
fuel and furnace oil substitute), (ii) carbon black, (iii) steel, and (iv) gas. As fuel
and industrial materials are becoming more affordable and tire recycling helps
to minimize pollution, industries are becoming more interested in using
pyrolysis oil and other by-products of recycling facilities [6]. In addition to the
pyrolysis process, discarded tires are used on a modest scale for tire retreading
and for the production of products obtained from tires. After recycling and
reusing of the waste tires though said purposes, large number of discarded tires
are remained unused every year which are thrown in the landfill.

The recycled rubber from used car and truck tires is referred to as crumb
rubber. Tires that are no longer fit for use on automobiles because of wear or
irreversible damage can be recycled to gather waste crumb rubber. These waste
tires are harmful to the environment as they are not biodegradable, large space
is required for landfilling, difficult to extinguish in the event of fire, accumulate
harmful gases and leachate. Leachate contains harmful and carcinogenic
substances which contaminates the soil, groundwaters, and farmland. On the
other hand, the rain water trapped in waste tire helps to propagate pests,
specially mosquitoes. These mosquitos transmit diseases such as malaria,

yellow fever, chikungunya and dengue fever.
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Recycling efforts are encouraged and landfill waste is decreased by using used
tires to make asphalt. Therefore, the incorporation of recycled waste rubber into
bituminous mixtures presents an environmentally sustainable solution for
managing scrap tires, which pose significant challenges in terms of reduction of
waste and environmental pollution [7]. Conversely, by lowering the demand for
new materials and increasing road resilience, crumb rubber asphalt helps to
reduce carbon emissions throughout the course of the road's lifecycle. Using
CRMB can assist reduce the carbon footprint of asphalt production in terms of
sustainable development because using recycled rubber requires less energy
and emits fewer emissions than standard manufacturing methods. A product’s
carbon footprint is a combination of the embodied carbon emissions associated
with manufacturing, installing, and maintaining the product over its full life
cycle and the operational emissions during use of the product [8].

The rising loading requirements for asphalt pavements are driving a steady
increase in the use of polymer-modified asphalt. The addition of polymers has
been found to noticeable change the rheological properties at high temperatures
or low rates of loading. The civil engineers and polymer scientists have tried
numerous times to enhance the performance of asphalt pavements by altering
the characteristics of asphalt binders in order to reduce certain pavement
failures. By changing the failure properties, a polymer modifier causes the
binder to produce greater stresses and strains prior to failure [9].

Hence, in this investigation, it has been tried to compare the various modified
binder properties & their performance in the bituminous mixes through

laboratory evaluation.

1.2 BACKGROUND OF THE STUDY

Bangladesh is a rain prone country, from March to September in a year, people
are suspectable to flooding. This flooding has adverse effect on pavement. In

case of neat bitumen stripping may occur and damage the road pavement.
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Bitumen is a vital component in road construction and maintenance, plays a
significant role in providing durability and strength to asphalt pavements.
However, conventional bitumen often exhibits limitations in terms of its
properties, such as permanent deformation, temperature susceptibility, aging,
cracking and water sensitivity. Most flexible pavements break down too soon as
a result of high temperatures and heavy loads [2]. Because of moisture induced
damage, high temperature and heavy traffic, conventional bitumen based
bituminous surface of the flexible pavement often deteriorates at early stage of
its life time. To overcome these challenges, modification of conventional
bitumen is necessary. Use of modified bitumen enhances the performance
characteristics of bitumen by improving its elasticity, rut resistance, water
sensitivity and aging resistance.

Rapid urbanization and population growth in Bangladesh have led to a
significant increase in use of motor vehicles. Being used, tires of these vehicles
become waste which causing adverse effects on human health and the
environment due to the lack of recycling program. Crumb rubber is a material
found from waste tires and can be effectively recycled for use in binder
modification. The use of waste tires in road construction provides economic and
ecological sustainability [10].

However, the asphalt industry has a long history of modifying asphalt binders
by adding a polymer to enhance their rheological and physical characteristics. A
swallowed polymer network is created when the polymer and asphalt binder
are appropriately combined, and this network helps to alter the viscoelastic
behaviour [9]. The required viscoelastic equilibrium is frequently absent from
neat asphalt binders. It is suggested that using polymeric additives to add
molecular complexity to asphalt will help attain this equilibrium. Polymer
modification is both practical and economically reasonable, according to a life

cycle cost analysis of several changed combinations [11].
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The purpose of this study is to find the best modified binder with adequate
stability and durability to support the expected traffic loads and to withstand
the negative effects of air, water, and temperature changes while building
roads. It also aims to reduce waste from the landfill where waste tires are

disposed of after being discarded from motor vehicles.

1.3 PROBLEM IDENTIFICATION

Premature failure and deterioration of flexible pavement due to
temperature fluctuations, moisture induction and heavy traffic loads are
common issues in Bangladesh. Fatigue and rutting failure of pavement are often
caused by poor bonding of bitumen to aggregate. A few instances illustrating
pavement failures are depicted in Fig. 1.1.

Conventional bitumen has the lack of necessary properties to withstand these
challenges, lead to frequent road repairs and increased maintenance costs.
While penetration grade bitumen is commonly used in road construction, it has
certain limitations and performance drawbacks. Understanding these
limitations is crucial for developing more effective and sustainable road
materials. Investigating the performance of neat 60/70 bitumen, such as its
susceptibility to cracking, rutting, and temperature sensitivity, is an important
aspect to address.

Besides, Due to increased human mobility, waste tire rubbers have been
disposed of in landfills more frequently in recent years. People's mobility grew
as a result of population growth. As a result, contamination in the environment

has increased [12].
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Potholes at Dhaka-Sylhet Road Fatigue Crack at Dhaka-Sylhet Road

Fig. 1.1 Various Flexible Pavement Failures in Bangladesh

As the rubbers are non-biodegradable, it pollutes lands. Burning of waste
crumb rubber causes air pollution. Disposed tires contribute to waterlogging
issues. It becomes breeding grounds for mosquitos in wet season and increases
insect infestation during dry season. Diseases like dengue fever, chikungunya,
yellow fever, and malaria are spread by these mosquitoes. The deposition of
waste tires in Bangladesh are shown in Fig. 1.2 & Fig. 1.3. SBS Polymer and
waste crumb rubber must be added to conventional penetration grade bitumen
to improve the binder's ability to withstand fatigue, thermal cracking, pavement
deformation, and moisture-induced damage. In order to minimize
environmental risks, discarded crumb rubber must be used to create crumb

rubber modified bitumen.
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Fig. 1.2 Waste Tire Deposited in Signboard, Siddhirganj, Dhaka

Fig. 1.3 Discarded Tire Disposed in a Landfill in Kadamtali, Chittagong
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1.4 OBJECTIVES OF THE PRESENT INVESTIGATION

The objective of this study is to determine an appropriate modified binder
for flexible pavement construction in terms of sustainability, performance, and

durability. This investigation will be on the basis of laboratory test evaluation.

Based on the discussion above, the following objectives are as follows:
* To evaluate the properties of neat & modified binders (by SBS polymer
and waste crumb rubber).
* To determine the optimum binder content based on Marshall properties.
e Water sensitivity analysis of neat and modified bituminous mixes to
identify the best suitable binder.
e To compare the cost of bituminous mixes using various binders in

pavement construction.

1.5 SCOPE OF THE RESEARCH

First, a survey of the literature and the basis in methodology have been
done in order to reach the objectives set for this investigation. This study
investigates the suitability of modified binders on the performance of flexible
pavements under varying climatic conditions.

For this investigation, various types of materials have been collected from a
number of reliable sources. The coarse aggregate and fine aggregate have been
collected from materials laboratory of CUET where the source of coarse
aggregate is Dubai, UAE and the source of fine aggregate is Sylhet, Bangladesh.
The stone dust as filler material has been collected from the stone crusher of a
project maned “SASEC, Dhaka-Sylhet Corridor Road Investment Project”. Neat

60/70 penetration graded bitumen is collected from Eastern Refinery located in
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North Patenga, Chittagong. The waste crumb rubber is collected from the tire
retreading shops, Kadamtali, Chittagong where the waste tires are used. The
polymer modified bitumen (SBS PMB PG 70-40) is collected from the materials
laboratory of a bituminous surface treatment project named “Performance
Based Operation and Maintenance of 4-Lane Dhaka-Chittagong National
Highway (N1), Cumilla Part, Daudkandi to Dhumghat Bridge (Ch. 39+267 Km
to 165+183 Km)”. In order to prepare crumb rubber modified bitumen (CRMB),
7% by weight of passing sieve no. 50 (0.3 mm) crumb rubber has been blended
with 60/70 penetration graded bitumen in the transportation laboratory, CUET.

Various laboratory analyses have been carried out in the transportation
laboratory, CUET, following the collection of aggregates, filler, 60/70 bitumen,
and PMB, as well as the preparation of CRMB. The mechanical properties of
various binders and aggregates have been evaluated in the laboratory. The
Marshall mix design according to Marshall criteria specified by Asphalt
Institute [31], for various bituminous mixes have been conducted to determine
the optimum bitumen content (OBC) of respective binders. The performance of
the bituminous mixes using various binder at OBC have been conducted in the
laboratory through retained Marshall stability (RMS) and tensile strength ratio
(TSR). TSR’s have been determined through indirect tensile strength (IDT) of
both the sample without freeze — thaw condition and with freeze — thaw

condition.

Eventually, the cost associated with production, laying and compaction of
asphalt for various bituminous mixes have been compared in order to establish
a cost benefit analysis. Based on the above results, a comparison between neat
60/70 bitumen, polymer modified bitumen (PMB) and crumb rubber modified
bitumen (CRMB) is conducted.
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1.6 ORGANIZATION OF THE THESIS

There are six chapters in all that describe the research activities. The following

are the contents of the chapters:

Chapter 1 contains the study on importance of asphalt binders in flexible
pavement construction in Bangladesh. The problem statement is given

here. This chapter addressed the goals and scope of this study.

In Chapter 2 the types of pavements, layers of flexible pavement, types of
pavement distress, binders of flexible pavement, method of mix design

are reviewed.
The research methodology is discussed in Chapter 3.

Physical properties of aggregate and bitumen, optimum bitumen
content, Marshall properties, water sensitivity analysis to evaluate
bitumen performance, Investigation result and discussion are

representing in Chapter 4.

Chapter 5 contains a cost comparison of bituminous mixes using various

binders.

Finally, Chapter 6 summarizes the findings, limitations, and suggestions

of this study.
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Chapter 2: LITERATURE REVIEW

This chapter begins with a general (section 2.1) discussion about the chapter, details
about pavement (section 2.2) and type of pavements (section 2.3). This chapter also
describes common flexible pavement distresses (section 2.4), distress modes (section 2.5)
of the pavement, pavement surface coarse bituminous material (section 2.6) consisting
of neat 60/70 bitumen, PMB & CRMB, preparation of CRMB (section 2.7), preparation
of PMB (section 2.8), asphalt mix design methods (section 2.9), Marshall mix design
(section 2.10), water sensitivity analyses of bituminous mixes (section 2.11). Section
2.12 represents previous investigations on various bituminous binders. The conceptual
foundation for the study is developed in Section 2.13, which also underlines the

implications from the literature.

2.1 GENERAL

This chapter comprehensively examines previous research relevant to the
characterization and analysis of crumb rubber modified bitumen (CRMB) and
polymer modified bitumen (PMB) in pavement engineering. It begins by
explaining the basic characteristics of bitumen, highlighting its vital role in the
construction of pavements as well as the inherent difficulties it faces with
regard to durability and environmental impact. The chapter then explores the
steps of a novel technique of crumb rubber modification and talking about how
effective both the modified bitumen are improving bituminous mixture
performance. Utilizing knowledge from previous research, it assesses the
critical factors that go into defining CRMB and PMB, such as aging patterns,
resistance to rutting & cracking and rheological characteristics. In addition, the

review includes comparisons between CRMB, PMB and neat bitumen,
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emphasizing the latter's better performance and long-term advantages. Material
sources, availability and economic issues are also investigated to provide a

comprehensive picture of PMB and CRMB utilization.

2.2 PAVEMENTS

Pavement refers to a hard surface constructed with resilient materials,
designed to support the movement of vehicles or pedestrians. The primary
purpose of the system is to disperse the vehicle loads that are applied to the
subgrade over many strata. The road surface should offer adequate traction,
optimal smoothness, desirable light-reflecting properties, and minimal noise
emissions. The objective is to decrease the load transferred by the vehicle to
ensure it does not exceed the subgrade's bearing capability. Road pavements

are essential part of the progress of any building project.

2.3 TYPES OF PAVEMENTS

The two primary forms of pavement that are commonly used. These are
rigid and flexible pavements. Rigid pavements, which have a high structural
strength and long lifespan, are often made of concrete. However, they can break
and crumble in regions with wide soils or abrupt temperature swings, which
are frequent in Bangladesh's tropical climate. Conversely, multiple layers of
bitumen and aggregate make up flexible pavements. They are better suited to
the country's climate since they are more resilient and adaptive. Building and

maintaining flexible pavements can also be done at a lower cost.

2.3.1 Flexible Pavement

Flexible pavements are utilized in highway construction because they can

disperse loads and withstand various pressures. Flexible pavements have
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numerous layers of materials. Each layer distributes and transfers loads from
the layer above to the layer below. The flexible pavement consists of surface
course and binder course as bituminous road layers. The underlying layers of
bituminous courses consist of the base course, sub-base course, compacted
subgrade, and natural subgrade. The layers of flexible pavement are shown in

Fig. 2.1.

The base course is made up of bigger pieces of gravel. The main course helps to
get stronger and spread weight out. There is less chance for water to leak into
the thicker layers, which could weaken the pavement's structure. The subbase is
further down and is made up of rougher materials than the base course. It is
thicker. The subbase is the layer between the pavement and the subgrade, or
soil below. It spreads the weight of the pavement over a wider area. It makes
the structure of the pavement more stable and stops the dirt below from

expanding.

Seal coat
Tack coat

Prime coat

Surface course

-~ Bituminous Road

bbase Course
oSl

Fig. 2.1 Layers of Flexible Pavement (www.dreamcivil.com)

Over time, the surface course can get worse because of changes in traffic,

leading to cracks, ruts, and other types of damage. Flexible pavements need to
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be maintained often and resurfaced to keep them in good shape. When building
roads, flexible pavements are the best choice because they are long-lasting,
flexible, and cheap. They can handle a wide range of traffic and environmental

conditions.

2.3.1.1 Seal Coat

Seal coat is applied to a worn bituminous pavement to restore its
condition. The best method for applying a single layer of surface dressing on
specific bituminous pavements that are not waterproof. Examples of open
graded bituminous construction include: i) premixed carpet and ii) grouted

macadam.

A protective layer is put on the surface of flexible pavement. It is occasionally
called surface treatment or chip seal. The pavement surface is coated with a thin
layer of asphalt emulsion, which serves as the seal coat. The purpose of
employing a seal coat is to prevent the infiltration of water, as it has the
potential to cause harm. Furthermore, it provides protection against oxidation,
aging, and the adverse impacts of traffic such as abrasion and wear, which can

cause the pavement surface to become slippery over time.

2.3.1.2 Surface Course

The layer that directly bears the weight of traffic is referred to as the
surface course. Usually, dense graded asphalt concrete (AC) is used in their
construction. It provides adequate drainage, a smooth surface, and optimal
friction. Moreover, it will hinder the infiltration of excessive surface water into
the base, sub-base, and subgrade of the substructure. It must possess strength to

ensure a durable and non-slippery riding surface that can withstand traffic
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without deformation. To prevent water from compromising the structural

integrity of the foundation and subgrade, the material must be water-resistant.

2.3.1.3 Binder Course

This layer provides the majority of the asphalt concrete structure. Its
main goal is to evenly distribute the load across the base course. By replacing a
section of the surface course with the binder course, which generally consists of
aggregates with less asphalt and lower quality standards, a more cost-effective

design is accomplished.

2.3.1.4 Tack Coat

A tack coat is a layer of bituminous material applied over an existing
pavement surface. This layer might be partially impervious, like cement
concrete, or pervious, like WBM that has been treated by a prime coat. Tack coat
is a thin coating of bituminous liquid asphalt, emulsion, or cutback that is put
between layers of HMA pavement to enhance bonding. Ensuring proper
adhesion between construction lifts, particularly between the current road
surface and an overlay, is crucial for the pavement structure to function as a
cohesive unit and offer sufficient strength. If adjacent layers fail to adhere to
one other, they basically act as separate thin layers, none of which are intended
to withstand the bending pressures caused by predicted traffic. Insufficient
adhesion between layers can lead to the separation of layers, known as
breakdown or debonding. This can subsequently cause longitudinal wheel path
cracking, fatigue cracking, potholes, and other forms of damage, such as

rutting, which significantly decrease the lifespan of the pavement.
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2.3.1.5 Prime Coat

A prime coat refers to the initial application of a thin, low-viscosity
liquid bituminous substance over a porous or absorbent pavement surface, such

as the WBM base course.

2.3.1.6 Base Course

This layer constitutes the primary component of asphalt concrete
construction. Its fundamental purpose is to evenly distribute load across the
base course. A cheaper design is achieved by substituting part of the surface
course with the binder course, which contains aggregates with less asphalt and

lower quality.

2.3.1.7 Sub-Base Course

The sub-base course, located beneath the base course, has three primary
purposes: enhancing drainage, offering structural reinforcement, and

minimizing the infiltration of subgrade particles into the pavement structure.

2.3.1.8 Subgrade

The topsoil, or subgrade, is a natural soil layer hardened to withstand
forces from above. Always avoid soil subgrade overextension. It needs the right

wetness and density.

2.3.2 Rigid Pavement

Rigid pavements, also called concrete pavements, are road constructions
that utilize a substantial layer of concrete as the primary load-bearing surface.

Rigid pavements depend on the inherent strength and rigidity of the concrete to
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bear the weight of traffic. Rigid pavements are constructed by employing a
meticulously calculated blend of cement, aggregates and water to ensure

structural soundness and minimize the possibility of cracking or faulting.

Rigid pavement has a substantial load-bearing capacity and exhibit exceptional
resilience to environmental factors such as temperature variation, moisture, and
chemical degradation. The stiffness of the concrete slab, a key advantage of
rigid pavements, facilitates the uniform distribution of loads across a wide
surface area. Moreover, it acts as a barrier against water and pollutants,
effectively protecting the upper layers of the pavement and increasing its
durability. Rigid pavements are particularly well-suited for high-traffic
roadways, motorways, and airports that experience significant weights and
frequent traffic movements. Repairing and replacing stiff pavement is a
laborious and costly process. Construction activities cause traffic delays when
concrete slabs are replaced over time, completely obstructing the flow of

vehicles.

The rigid pavement consists of cement concrete slab as top layer of road on
which vehicle moves. The underlying layers of concrete slab consist of the base
course, sub-base course and natural subgrade. The layers of flexible pavement

are shown in Fig. 2.2.

Fig. 2.2 Layers of Rigid Pavement (www.theconstructor.org)

Chapter 2: LITERATURE REVIEW 19



2.3.2.1 Cement Concrete Slab

A concrete slab that directly supports vehicle loads makes up the surface
course, the topmost layer of rigid pavement. The sub-grade or sub-base is
covered with a concrete mix made of aggregate, sand, cement, and water in the
proper proportions. It prevents water from penetrating the layers underneath.

Vehicles are prevented from skidding by the concrete slab's friction.

2.3.2.2 Base Course

The base course is the second layer of pavement from the top, also called
the granular base or stabilized base, is constructed using crushed aggregates.
This layer gives the stiff pavement a strong base and permits more load
distribution on the surface course. It is advantageous to install a subsurface
drainage system, particularly in regions that are susceptible to frost, the
stabilized base course reduces subgrade soil swelling and helps regulate frost

activity.

2.3.2.3 Sub-Base Course

The third layer that comes into contact with the base course and
subgrade soil is known as the granular subbase or stabilized subbase course.
They are of higher quality than the subgrade soil, but its material quality is
lower than that of the base coarse aggregates. Supporting the higher layers,
regulating frost action, and preventing particles from the subgrade soil from
penetrating the surface layers are its main purposes. The subbase course also

enhances drainage capacities.

2.3.2.4 Subgrade

The current soil layer is formed by the subgrade soil, which is then

compacted by machines to create a solid base for the rigid pavement. Because
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stresses diminish with depth, subgrade soils are less stressed than the top
layers. Texture, density, moisture content, and strength are some of the
variables that affect how subgrade soils react to stresses from the top layers. In
order to minimize the displacement of subgrade soil layers and lessen the strain
on the subgrade soil, the layers above the subgrade should be built accordingly.
Since approximately 90% paved road in Bangladesh are bituminous flexible
pavement, in this study the details of flexible pavement are required to be

analyzed.

24 COMMON FLEXIBLE PAVEMENT DISTRESSES

Pavement distresses fall into three categories: degradation, cracking, and
deformations. The pavement's performance and potential lifespan can be
determined by each of these distresses. Pavement cracks have the following
negative effects: pumping and loss of fines from the base course; loss of load
spreading ability of the cracked material; loss of water proofing of the
pavement layers; loss of riding quality due to surfacing loss; and loss of
appearance. The pavement condition typically deteriorates more quickly when
spreading ability and water proofing are lost. A sustainable flexible pavement
construction addresses the potential mitigation of pavement deterioration
brought on by water intrusion, severe vehicle stress, seasonal temperature
variations, and expansion and contraction. The primary cause of cracking and
deformations that result in pavement deterioration is a decline in the
bituminous surface's quality [13]. Types of pavement deterioration are as

follows:

2.4.1 Potholes

One of the most well-known forms of asphalt damage, potholes are seen

in Fig. 2.3 and arise when the area beneath the asphalt's surface has been
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weakened, left unfixed, and eventually failed. This ultimately results in a
pothole, which is a depression in the pavement. Potholes are hazardous and

have the potential to cause both car damage and injuries.

Fig. 2.3 Schematic Diagram of Pothole (www.truegridpaver.com)

2.4.2 Fatigue Cracks

fatigue fractures brought on by the asphalt concrete surface's fatigue
failure from repeated traffic loads. As seen in Fig. 2.4, the cracking starts near
the bottom of the asphalt surface, where tensile stress and strain are greatest
under wheel weight. These fissures frequently resemble broken glass or a
spiderweb in their layout. They may result from a subsurface that was installed
incorrectly or from water damage. Inappropriate weight distribution across the
asphalt surface causes cracking as a result of traffic and heavy loads that are

applied repeatedly.
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Fig. 2.4 Schematic Diagram of Fatigue Crack (www.truegridpaver.com)

2.4.3 Blowouts

A blowout is just a huge pothole. A blowout, which is similar to a shallow
sinkhole and frequently stretches several feet across and lengthwise, is much
larger than a pothole. Similar to potholes, they are caused by a failed base

beneath the paved area's surface.

2.4.4 Reflection Cracks

A reflection crack in flexible pavements occurs when an existing crack or
joint in an underlying layer (like an old asphalt) propagates through to a new
overlay placed above it. This type of cracking is caused by the movement of the
underlying layers due to temperature changes, traffic loads, or moisture

variations.

2.4.5 Block Cracks

It manifests as haphazardly spaced linear cracks, frequently spaced a few

feet apart. They appear when there is little traffic on an asphalt lot, and as the
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asphalt ages, the surface shrinks horizontally. They will result in water

penetration and other asphalt problems if not filled which is shown in Fig. 2.5.

Fig. 2.5 Schematic Diagram of Block Crack (www.truegridpaver.com)

2.4.6 Rutting

Ruts are caused by vehicle traffic which is shown in Fig. 2.6. Usually, the
same size and shape as vehicle tracks, they show up as depressions in the
direction and form of frequently driven places. They appear when the asphalt is

unable to support the weights being carried on it.

Fig. 2.6 Schematic Diagram of Rutting (www.truegridpaver.com)
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2.4.7 Ravelling

As seen in Fig. 2.7, asphalt deterioration happens when the gravel in the
asphalt stretches and becomes loose. If the asphalt's surface has oxidized, this
will occur gradually. If left untreated, ravelling destroys the asphalt's surface

and causes more serious problems.

Fig. 2.7 Schematic Diagram of Ravelling (www.truegridpaver.com)

2.4.8 Shoving

On asphalt, shoving manifests as elevated patches or lumps. It is
typically located where large loads of vehicles frequently start and stop,
particularly in areas where braking, turning, or accelerating frequently take
place, causing excessive asphalt distress in these areas. Shoving is typically a
sign of shear failure within the pavement layers, where the mix is unable to

resist the applied forces, leading to material movement.

2.4.9 Upheaval

It appears as a raised, often broken-open area of asphalt and is caused by
an underlying swelling of the subsurface, which can be caused by frost or

expanding soils which is shown in Fig. 2.8.

Chapter 2: LITERATURE REVIEW 25


http://www.truegridpaver.com/

Fig. 2.8 Schematic Diagram of Upheaval (www.truegridpaver.com)

2.4.10 Peeling

The term peeling over flexible pavement describes the loss of surface
material from the top layer of asphalt, which is frequently brought on by the
bitumen binder and aggregate not adhering well to one another. It is the
gradual breakdown of a flexible pavement's outer layer. It happens as the
asphalt's top layer dries up over many years and starts to peel off. Additionally,

it is occasionally referred to by phrases like flaking or ravelling.

2.4.11 Linear Cracks

As seen in Fig. 2.9, they are lengthy cracks that mostly appear when water
can penetrate the asphalt pavement's surface. They need to be addressed right

away because they have a high probability of becoming open holes.
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Fig. 2.9 Schematic Diagram of Linear Crack (www.truegridpaver.com)

2.5 DISTRESS MODES

Distressed pavement is often a result of a combination of factors, rather
than just one root cause. The factors affecting pavement distress are reflected as
different distress modes. There are five distress modes appear on the pavement.

These are:

2.5.1 Permanent Deformation

Permanent deformation is irreversible, meaning that it persists even after
the applied pressures are removed. One of the main distresses affecting
pavement performance is permanent deformation, commonly referred to as
rutting. This pavement distress, which is evident in the surfacing layer of a
pavement, is longitudinal deformation, deformation, or depression in the wheel
tracks that results from repeated applications of axle loading conditions. It is the
outcome of the buildup of load-induced, long-lasting deformation from each
layer of pavement, including the subgrade. Under repeated stresses, it is

typically ascribed to the plastic flow of the underlying foundation or asphalt
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layers. In addition, longitudinal cracking and rutting were caused by the

deterioration of asphalt brought on by diesel spills on roadways.

2.5.2 Fatigue Crack

Bituminous pavement can develop a sequence of interconnected cracks
called fatigue cracking, sometimes referred to as alligator or crocodile cracking.
The fatigue failure of the asphalt concrete surface under repeated traffic loading
is what causes fatigue fractures. The bottom of the asphalt surface (or stable
base), where tensile stress and strain are greatest under wheel load, is when the
cracking starts. At first, the cracks appear as a sequence of parallel cracks that
spread to the surface. Repeated traffic loading causes the fissures to join,
creating sharply angled, multi-sided fragments. If alligator cracking is not
adequately fixed, the damage may spread quickly, threatening your pavement's

overall sustainability and aesthetic appeal.

2.5.3 Thermal Crack

The low temperature environment is the main cause of thermal cracking.
The fracture that is roughly perpendicular to the pavement's center line is
known as thermal cracking in hot mix asphalt (HMA) pavements. As the
temperature drops, tensions form in the pavement, causing it to compress. The
produced strains are greater than the pavement strength at very low
temperatures. The pavement may ravel if water seeps into the fissure. The

pavement's rideability is greatly reduced as a result.

2.5.4 Oxidative Aging

Oxidative aging causes chemical changes in asphalt that enhance the
binder's viscosity and elasticity, which causes the substance to harden, or
stiffen. Throughout the life of asphalt binders, oxidative aging takes place in

two primary stages: i) short-term aging, which happens during the production,
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transportation, and compaction of asphalt mixtures, and ii) long-term aging,
which happens during the asphalt mixtures' service period in a pavement
structure. Cracks form under cyclic traffic stresses as a result of the aggregate
and asphalt binder losing cohesiveness and adhesion due to the increased

stiffness.

2.5.5 Moisture Damage

The loss of strength and durability in asphalt mixtures as a result of
moisture's impacts is known as moisture damage. The loss of the link between
the fine and coarse aggregate and the asphalt cement might result in moisture
damage. Additionally, moisture degradation happens when moisture seeps
through and degrades the binder, increasing its susceptibility to moisture
during cyclic loading. Stripping, or the vulnerability of asphalt mixtures to
moisture, has been identified as the primary performance issue affecting the
longevity of asphalt pavements. A very complex form of distress, moisture-
induced degradation to asphalt pavement results in the mixture's loss of
stiffness and structural strength, which ultimately necessitates expensive

pavement structure repair.

2.6 SURFACE COARSE BITUMINOUS MATERIALS

In light of above discussion on various pavement distresses and modes of
distress it is apparent that, the bituminous surface is most important part of
flexible pavement. As this surface layer directly receives traffic loads and
transfers load to the underling layers, it requires sufficient strength and
durability to withstand rutting, creaking, aging and moisture damage.
Bituminous material plays important role as it binds the aggregates. Therefore,

the binding and water proofing properties of bitumen are required to be
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studied in this research. Bituminous materials include penetration grade

bitumen and modified bitumen which are commonly used in road construction.

2.6.1 Penetration Grade Bitumen

The favourable engineering features of penetration grade bitumen, a
binder frequently employed in asphalt mixtures, make it an essential
component in pavement construction. Because of its unique rheological and
physical characteristics, penetration grade bitumen can be used in a variety of
climates and traffic volumes. Because of its relatively high penetration value, it
can withstand mild temperatures and still be workable during construction,
providing sufficient resistance to deformation under traffic loads. Bangladesh's
tropical environment, with its high temperatures and intense monsoon rains,
makes 60/70 grade bitumen qualities extremely important rather than 80/100
grade bitumen for pavement performance. Because of its comparatively high
penetration value, which guarantees sufficient flexibility at moderate
temperatures, asphalt pavements can endure the dynamic loads brought on by
a variety of traffic situations. Therefore, in this research, 60/70 grade bitumen

has to be used for laboratory investigation.

2.6.2 Modified Bitumen

The addition of specific additives or a combination of additives can
improve the properties of bitumen and bituminous blends. These additions,
which include plastic and rubber, are referred to as modifiers. The bitumen
premixed with such modifiers in order to improve its operational capabilities
and long-term durability is known as modified bitumen. Ideally, modified
bitumen has a higher adhesion than pure bitumen, a reduced thermal
sensitivity in the range of service temperatures, and a viscosity that is adequate

at the temperature at which it is being executed. Furthermore, its sensitivity to
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the time of loading is low, and its strength to plastic deformation, fatigue, and
fractures is strong. Therefore, modified bitumen’s are the better choice as

asphalt binder.

Some bitumen modifiers have been presented in Table 2.1 with their

performance against various distress modes [14] [15] [16].

Table 2.1 Some Bitumen Modifiers used in Paving Applications (Michele et
al., 2019; Honarmand et al., 2019; Farhana et al., 2019)

Distress Condition Affected

Group Modifiers

PD FC | LTC | MD | AG
Fillers Carbon Black \
Mineral: Hydrated Lime V v
Fly Ash

Portland Cement

Extenders | Sulfur

L ||| |2 ||| <2<
<
<
<

Rubbers Styrene Butadiene Diblock (SB) \ \
Styrene Butadiene Triblock (SBS) \ \
Styrene Isoprene (SIS)
Styrene Butadiene Rubber Latex \/
(SBR)
Polychloroprene Latex V \/ v
Crumb Rubber (Reclaimed) \/ \/ \/ \/ \/
Plastics Ethylene Vinyl Acetate (EVA) V v
Ethylene Propylenediene Monomer |
(EDPM)
Polysobutylene v
Polyethelene v ol
Polypropylene v
Oxidants | Manganese Compounds v
Fibers Polypropylene v v v
Polyester \/ ol
Reinforcement \/ \/ ol
Natural: Cellulose \/
Minerals \/

Note: PD — Permanent Deformation, FC - Fatigue Cracking, LTC - Low

Temperature Cracking, MD — Moisture Damage, AG — Oxidative Aging
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2.6.2.1 Common Modified Bitumen

Asphalt performance is enhanced by a variety of chemical and polymer
additions. Generally speaking, the most often used kind of asphalt additive is
polymer modifier. Elastomers and plasterers are the two types of polymer
asphalt modifiers. Waste crumb rubber, styrene-butadiene, and styrene-
butadiene-styrene (SBS) block copolymers are elastomers that are frequently
used to modify asphalt. Low-density polyethylene and ethylene vinyl acetate
(EVA) are often used plasterers as asphalt additives. Well-known modified

bitumen comes in four varieties, which are explained below.

2.6.2.1.1 Polymer Modified Bitumen (PMB)

By adding particular polymers to the mix, a class of road bituminous
binders known as Polymer Modified Bitumen (PMB) is created and produced
with the express purpose of enhancing asphalt longevity and road traffic safety.
Polymer modified bitumen is often utilized in the construction of road
pavements, particularly those that are designed to handle heavy-duty traffic
and severe weather conditions. Polymer modified bitumen, also known as
PMB, is a type of bitumen that has been specifically created and constructed to
be used in the production of pavement, roads that are meant to handle heavy
traffic, and roofing solutions for homes that are designed to survive extreme
heat and cold. Such bitumen that enhances the cohesiveness of the mixture,
resulting in significantly increased strength and improved resistance to factors
such as fatigue and permanent deformations in road pavements. This is
achieved by modifying the properties of regular bitumen by including a
polymer, which might be either elastomeric or of a different composition

altogether.

Bitumen was mixed with various thermoplastic polymers, such as ethylene-

vinyl acetate (EVA), ethylene-butyl acrylate (EBA), styrene-butadiene-styrene
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(SBS), and styrene ethylene butylene styrene (SEBS), to make polymer-modified
bitumen. When bitumen modification is being done, two types of plastic are

used: thermosetting polymers and thermoplastic polymers.

2.6.2.1.2 Crumb Rubber Modified Bitumen (CRMB)

In the 1800s, it was common to mix bitumen and rubber, but more as a
replacement for rubber than as a way to change asphalt. In the early 1900s,
researchers started to think about and then write down the particle structure of
bitumen. In the 1940s, patents were issued for bitumen that had been changed
by adding polyisobutylene. In the 1950s, more and more neoprene rubber was
used to change asphalt in North America. In the 1960s, the concept of bitumen
modified with crumb rubber was developed. The first transportation engineer
to include crumb rubber into asphalt mixtures to improve road performance

was Charles McDonald.

The advantages of bitumen and rubber are combined in crumb rubber modified
bitumen (CRMB), a modified bitumen compound that creates a flexible and
long-lasting road building medium. It is an environmentally friendly way to
recycle used tires and lessen the negative effects of road construction. CRMB is
produced by combining crumb rubber modifier with a specific grade of
bitumen. The modifier acts as an agent that enhances the binding material's

resistance to deformation when exposed to low temperatures & fatigue.

2.6.2.1.3 Natural Rubber Modified Bitumen (NRMB)

It has been demonstrated that using natural rubber as a bio-modifier for
bitumen and asphalt mixtures has some advantages. Natural rubber is made up
of polymers of the chemical molecule isoprene, water, and trace amounts of

other organic compounds.
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2.6.2.1.4 Chemical Modified Bitumen

Bitumen is often modified with various chemicals and additives to
enhance its properties, making it more suitable for specific applications such as
road construction, roofing, or waterproofing. Some of the common chemicals
and materials used for bitumen modification include (a) Sulfur: it is sometimes
used to cross-link polymer chains in bitumen, creating a network structure that
enhances the strength and durability of the material. (b) Anti-Stripping Agents:
Chemicals like hydrated limes are used to improve the adhesion between
bitumen and aggregates, preventing stripping in the presence of water. (c)
Phosphoric Acid: It is used as a binder modifier to enhance the high-
temperature performance of bitumen. (d) Amine-based Additives: These are
used to improve the adhesion between the bitumen and the aggregates,

enhancing moisture resistance.

2.6.2.2 Mostly Used Modified Bitumen

Among the different group of modifiers extender and rubbers are
appreciated based on performance against five distress condition. The use of
sulfur in asphalt modification is very limited as it is not available abundantly,
emits harmful gases to environment, involves careful mixing with asphalt.
Among the rubbers, crumb rubber appears to have caught the attention of the
researchers more than any other type of rubber because of the beneficial effects
of modifying bitumen with crumb rubber (CR). Some of the beneficial effects

are noted [17] as follows:

* CR enhances bitumen's rheological and physical characteristics.

e It increases paving mixes' strength and decreases their sensitivity to
temperature changes.

* At higher temperatures, fatigue life and resistance to irreversible

deformation are enhanced.
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¢ [tincreases the aggregate and binder's adherence.
* Reflection cracking is lessened.
* The long lifespan, lower maintenance, and usage of less material result in
cost savings.
* An 80% reduction in traffic noise.
* Relief from the pollutants that tires that have been scraped or dumped
give to the environment.
* A decrease in asphalt oxidation and aging.
SBS (styrene-butadiene-styrene) is also the polymer mostly used to modify
asphalt. This polymer modified bitumen (PMB) is widely used worldwide due
to its excellent properties such as enhanced performance, durability and
longevity of flexible pavement. Following are the beneficial properties of PMB:
* To reduce rutting, make the combination more rigid.
* To reduce cracking, soften and improve the mixture's elasticity.
* Increase the mixture's resistance to exhaustion.
* Enhance asphalt aggregate binding to lessen moisture sensitivity or
peeling.
* To lessen ravelling, increase abrasion resistance.
* Increase resistance to oxidation or aging.
* Reduce the pavement layer's structural thickness.
* Lower the HMA pavements' life cycle costs.
Therefore, both the SBS and CR modified bitumen are required to be taken in

this study work to compare their properties and performance.

2.7 PREPARATION OF CRUMB RUBBER MODIFIED
BITUMEN

Disposal of waste tire are increased due to increased mobility of people.

Because tires are non-biodegradable and have a long lifespan, disposing of
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waste tires can be difficult. Tire waste is traditionally managed by illegally
dumping, landfilling, or storing. Crumb rubber is a term used for recycled

rubber from automotive and truck scrap tires [18] as shown in Fig. 2.11.

Fig. 2.10 Dumping of Waste Tires (wWwww.ecomena.org)

2.7.1 Components of Crumb Rubber

Crumb rubber is obtained from the scrapping industry of scrap tires of vehicle
and available in tire re-treading shops in Bangladesh. In the re-treading process
only tread component of waste tire is generally scraped. Tread is that part of
tire which comes in contact to the road and provides sufficient friction with the
pavement. Schematic diagram of a tire with different component is shown in
Fig. 2.12. Crumb rubber is a mixture of SBR and NR with polybutadiene as
elastomer, petroleum oil as processing oil, fatty acid as processing aid, carbon

black as filler and sulfur as volcanizing agent [17].
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Fig. 2.11 Schematic Diagram of a Tire with Different Components

(www.link.springer.com)

2.7.2 Scrap Tire Grinding Process

As illustrated in Fig. 2.13, discarded tires are shred to create crumb
rubber, a substance devoid of steel and fiber. The mesh screen or sieve size that
crumb rubber passes through during manufacture is typically used to identify
it. Reducing the tire powder's size to the necessary extent is crucial for
producing high-quality crumb rubber. Cryogenic grinding and ambient
mechanical grinding are the two main methods used to create crumb rubber

[19].
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Fig. 2.12 Schematic Diagram of Crumb Rubber (www.ecomena.org)
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2.7.2.1 Ambient Mechanical Grinding

A scrap tire breaks apart during an ambient mechanical grinding process
at room temperature or higher. Using complete or pre-treated automobile or
truck tires in the form of shreds or chips, ambient grinding is a multi-step
process. Rubbers, metals, and textiles are separated out in a systematic manner.
Tires are broken up into chips by passing them through a shredder. The chips
are put into a granulator, which reduces their size and extracts the fiber and
steel. Any leftover steel is eliminated using a combination of wind sifters and
shaking screens, as well as magnetic and fiber methods. Additional grinding in
high-speed rotary mills and secondary granulators can produce finer rubber
particles. Most crumb makers employ ambient grinding as their production

method.

2.7.2.2 Cryogenic Grinding

Applying liquid nitrogen to the scrap tire at -80°C solidifies it so that it
may be easily ground into powder is known as cryogenic grinding. Although
cryogenic grinding produces fine mesh size more quickly and cleanly, the high
expense of the method is a drawback because liquid nitrogen is required.
Because it involves handling liquid nitrogen, the procedure is also risky. In the

industry that produces crumb rubber, ambient grinding is more common.

2.7.3 Blending of Crumb Rubber

The wet process and the dry process are the two ways that CRMB can be
produced. In both cases, heated bitumen and crumb rubber are combined in a
high-speed mixer. The wet process employs wet crumb rubber, whereas the dry
process uses dry crumb rubber ground into a fine powder. The specifications
developed by [17] are used for blending crumb rubber with asphalt. In this

process, 60/70 penetration grade bitumen is heated to 160°C in the mixing
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machine before crumb rubber is added. 7.0% (by weight) of 50 mesh (0.3mm)
crumb rubber is mixed at low speed for about 5 min [20]. The mixture was
heated to 170°C to 180°C and agitated vigorously for about 60 minutes using a
mechanical stirrer operated at 1400 rpm. After 60 minutes, the developed
modified bitumen is removed from the mixing machine and kept in a sealed

container after cooling to room temperature.

2.7.4 Interactions between Crumb Rubber and Bitumen

The chemical interactions between crumb rubber and bitumen
significantly contribute to the enhanced performance of Crumb Rubber
Modified Bitumen (CRMB). These chemical reactions primarily involve the
devulcanization and depolymerization of the rubber and interaction with the
aromatic components in bitumen. The key mechanisms are as following:

* Devulcanization and Depolymerization: Crumb rubber contains
vulcanized rubber with sulfur cross-links. At elevated temperatures (160 -
180°C), thermal and thermo-oxidative reactions cause partial
devulcanization, breaking the sulfur cross-links and producing smaller,
reactive rubber molecules. Depolymerization also breaks down rubber
chains into oligomers, which can diffuse into the bitumen matrix [21].

* Swelling and Absorption: Bitumen contains aromatic oils, which are
absorbed by crumb rubber particles, causing them to swell. This physical
change is often accompanied by chemical absorption, leading to changes in
the microstructure and mechanical interlock within the bitumen [22].

* Chemical Interaction with Bitumen Components: Reactive groups from
rubber (like unsaturated C=C bonds and sulfur-containing fragments)
interact with polar asphaltenes and resins in bitumen, improving

compatibility and stability. Oxidative coupling reactions between rubber
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and bitumen functional groups can form chemical bridges, increasing

elasticity [23].

The improvement in the properties of CRMB is due to both physical and
chemical interactions, with chemical reactions such as devulcanization,
depolymerization, and functional group interaction playing a key role. These

reactions enhance the compatibility and durability of the binder.

2.8 PREPARATION OF POLYMER MODIFIED BITUMEN

Styrene-Butadiene-Styrene (SBS) is a type of thermoplastic elastomer
that, at room temperature, is just as elastic as rubber. At high temperatures, it
may melt and flow like plastics, also known as plastic material. As a result, the
SBS modified asphalt is described as having a high degree of flexibility and age
resistance, without becoming brittle or viscous when heated. The most popular
and successfully applied modified asphalt at the moment is SBS. SBS is typically
applied to asphalt in amounts ranging from 5% to 10% [24] [25].

2.8.1 Components of Styrene-Butadiene-Styrene (SBS)

SBS (Styrene-Butadiene-Styrene) is a thermoplastic elastomer commonly
used as a polymer modifier in bitumen to improve the performance of asphalt
pavements. SBS consists of a polybutadiene segment in the middle with
polystyrene blocks at the ends, which contains the C=C bonds in the
unsaturated carbon chains and benzene rings respectively as shown in Fig. 2.14
[25]. SBS is a thermoplastic elastomer produced by solution-living
polymerization using styrene and butadiene as main components and an

anionic initiator.
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Fig. 2.13 Chemical Structure of Linear SBS Polymer (www.segroup.cn)

2.8.2 Blending of Styrene-Butadiene-Styrene

Blending bitumen 60/70 with a particular grade of SBS (styrene-
butadiene-styrene) under extremely specific pressure and temperature
conditions is known as polymer modified bitumen. In order to create a
homogenous mixture of bitumen and block copolymer, it involves adding a
block copolymer composition to the bitumen component while stirring it at
2000 + 10 rpm. The temperature is kept between 180°C and 190°C for two hours,

creating a cured polymer modified bitumen binder composition [26].

2.8.3 Interactions between SBS and Bitumen

Styrene-Butadiene-Styrene (SBS) improves bitumen properties primarily
through physical interaction, but some chemical interactions may also occur,
contributing to enhanced performance. The key mechanisms are as following;:

* Physical Network Formation: It is a primary mechanism where SBS is a
thermoplastic elastomer, composed of two polystyrene blocks (S) and one
butadiene block (B) and when mixed with bitumen, polystyrene domains
form rigid microphases, polybutadiene chains form a flexible matrix. This
creates a three-dimensional network that enhances elasticity and high-
temperature performance [27]. Lu and Isacsson demonstrated that SBS-
modified bitumen shows improved elasticity, softening point, and

temperature susceptibility due to this network.
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* Chemical Reactions: Some studies indicate minor chemical reactions take
place between SBS and bitumen components, especially during high-
temperature mixing and aging. Butadiene units in SBS may react with
asphaltenes and maltenes in bitumen via oxidative crosslinking and
sulfur bridging. This leads to improved thermal stability and storage
stability by reducing phase separation [28].

* Role of Sulfur in Crosslinking: When sulfur is added during
modification, it chemically crosslinks the polybutadiene chains in SBS.
This crosslinking Increases storage stability, prevents polymer
segregation during storage, enhances mechanical properties at high
temperatures [23]. Airey reported improved performance due to both
physical swelling and chemical crosslinking with sulfur.

While the dominant improvement in SBS-modified bitumen arises from
physical interactions, there is evidence of chemical reactions, particularly in the
presence of sulfur or under oxidative conditions, that contribute to the

improved rheological and thermal properties.

2.9 ASPHALT MIX DESIGN METHODS

The goal of bituminous mix design is to keep the stresses that traffic
causes to the pavement to a safe level where road surface deformation is
negligible while also making sure that the road surface doesn't deteriorate
significantly over a certain amount of time. Since it is difficult to create a
bituminous mix that does not deteriorate with time and with traffic due to the
nature of the ingredients used, the goal of mix design is to minimize pavement
distress, which is gauged by riding quality, rut depth, and cracking. The
bituminous surfacing layer is the most important layer of the pavement, and it
requires the best material. Where thick bituminous surfacing is required, they

are normally constructed with a wearing course laid on a base course (also
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called a binder course) which can be made to slightly less stringent
specifications. To perform satisfactorily as road surfacing, bitumen aggregate
mixes need to possess the following characteristics [29]:
* Excellent deformation resistance.
* They must be flexible in order to endure severe strains and have a high
resistance to fatigue.
* Enough rigidity to lessen the forces transferred to the pavement layers
underneath.
* Good durability, or high resistance to environmental deterioration.
* Low permeability to stop air and water intrusion.
* Good workability, which makes it possible to achieve sufficient
compaction when building.
Considering sustainable development of bituminous surfaced road, recycled
crumb rubber from scrap tires can be used in modification of asphalt mixes.
Tires contain up to 54% natural and synthetic rubber. Therefore, following the
removal of steel reinforcement and recycling, they may constitute a
considerable supply of rubber [30]. In addition, polymer modification of asphalt
mixtures reduces the quantity of conventional asphalt binder requirement.
Therefore, modified asphalt binders can be a good choice in bituminous
pavement construction in terms of durability and sustainability.
This study aimed at using waste crumb rubber and polymer separately as
partial replacement of bitumen binder to have modified asphalt binders i.e.,
Crumb Rubber Modified Bitumen (CRMB) and Polymer Modified Bitumen
(PMB) for the preparation of asphalt specimen using these modified binders.
Ditferent properties of modified asphalt pavement will be tested and compared
with reference specimen which will be made by unmodified bitumen. Then the
suitability of modified binders for sustainable flexible pavement will be

determined properly.
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When it comes to black top surfaces, bituminous concrete is the best
construction material. The bituminous mixes are appropriately built to meet the
stability and durability design requirements despite their high cost. Coarse and
fine aggregates are densely graded in the mixture, together with mineral filler
that has been bitumen-bound. In a hot mix factory, the mixture is made. Traffic
and quality have an impact on the bituminous concrete layer's thickness.
Bituminous mix design involves carefully determining the appropriate amounts
of different aggregate sizes and bitumen composition. There are five popular
methods of mix design. These are Marshall method, Hubbard-Field method,
Hveem method, Smith tri-axial method and Superpave method. Out of these

methods, Marshall Method is widely used in the world.

2.9.1 Marshall Method

In 1939, Bruce Marshall of the Mississippi Highway Department created
the Marshall Mix Design process. As per ASTM D6926, this procedure involves
using the Marshall method to prepare and compact cylindrical bituminous
pavement mixture specimens that are 102 mm (4 in.) in diameter and nominally
64 mm (2.5 in.) high. This procedure is designed to compact asphalt pavement
samples and work with bituminous mixtures made in laboratories and plants
that contain aggregates up to 25 mm (1 in.) in size.

The Marshall Mix Design method's primary concept is choosing an asphalt
binder content with an appropriate density that meets minimal stability and
flow value range requirements. A stability-flow test of the compacted test
specimens and a density-voids study are the two main components of the
Marshall method of mix design. The density-voids analysis includes
determination of bulk specific gravity, % air voids, VMA and VFA. Marshall
did not include the VMA, but he did include the Hubbard-Field air void

calculation. Rather, he employed asphalt-filled voids as a criterion. Norman
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McLeod promoted the use of VMA in the mix design approach in the 1950s. He
presumably thought VMA should apply to the Marshall approach as he was

aware of it in the Hubbard-Field method.

The maximum load resistance in Newtons that the standard test specimen will
acquire at 60°C is the test specimen's stability. Test procedures ASTM
D6927/AASHTO T 245 outline stability and flow testing. Before being put in a
head, the compacted asphalt specimen is conditioned in a water bath. During
the test, the specimen assembly and breaking head are placed within a Marshall
stability tester that is equipped with parts to gauge flow and stability. The
performance of the trial mixtures is predicted by this test. When loaded at a rate
of 2 inches (50.8 mm) per minute, stability is the mix's maximum strength. The
Marshall Method is used in pavement design to determine the Optimum Binder
Content (OBC) in asphalt concrete. According to asphalt institute, Marshall

method is not valid for size of maximum aggregate larger than 25mm.

2.9.2 Hubbard Field Method

Together with the newly established Asphalt Association (later the
Asphalt Institute), Charles Hubbard and Frederick Field produced the Hubbard
Field Method of Design in the middle of the 1920s. The surface combination, the
sand asphalt-wearing course, was the initial focus of the Hubbard Field
technique. A manual rammer was used to condense the specimens, which had a
diameter of two inches. For asphalt concrete, a modified Hubbard-Field variant
was created. It used 6-inch diameter specimens that were compacted with two
different rammers. The Hubbard Field method built upon Richardson’s process.
Specimens were made in the laboratory but instead of using a paper stain test,
they developed an evaluation method to determine design asphalt content.

Bulk specific gravity of the compacted specimens was measured. Maximum
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theoretical specific gravity was computed using aggregate bulk specific gravity.
Air voids were calculated as were voids in the aggregate skeleton (VMA by
today’s terminology). Thus, the qualities employed today were comparable to
the volumetric analysis. The Hubbard Field method included a stability test in
addition to the volumetric analysis, in which the compacted mix is forced
through a ring that is marginally smaller than the diameter of the specimen. The
Hubbard Field stability was the maximum load maintained prior to the mix
beginning to flow through the orifice. In theory, this is the same as Marshall
Stability, in which the specimen is put on its side, and the Marshall stability is
the highest load. The Hubbard Field method used stability and air voids to
determine the amount of asphalt. To help modify the stability of the

combination, voids in the aggregate were assessed.

2.9.3 Hveem Method

Francis Hveem designed hot mix asphalt using the same methodology as
oil mixes. By 1932, he had created a technique that used surface area to calculate
the amount of asphalt. He created a procedure to evaluate asphalt absorption
using motor oil and kept adjusting the surface area variables. Surface area
factors created by Hveem for the California Department of Highways in the
1940s are used in the Asphalt Institute's MS-2 guidebook for Hveem mix design

today.

Hveem got to work creating a stability test. He created the Hveem stabilometer,
a pseudo-triaxial test, after realizing the importance of the mix's mechanical
strength. A restricted specimen is subjected to a vertical load, and the resulting
horizontal pressure is measured. Hveem exploited this characteristic to
distinguish between stable and unstable pavements: the horizontal pressure

rises as the asphalt content beyond a threshold. He created stability threshold
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values based on oil blends and applied them to HMA. According to Hveem's
mix design philosophy, there must be enough asphalt binder to ensure
aggregate absorption and a minimum film thickness on the aggregates' surface.
The aggregates have to have a minimum tensile strength to withstand turning
movement (measured by the cohesiometer) and a sliding resistance (measured
by the Hveem stabilometer) in order to support load. The amount of asphalt
binder and aggregate characteristics affected stability and cohesiveness. Hveem
created the moisture vapor sensitivity test and the swell test to gauge the mix's
response to water in order to assess durability. Liquid water was used in the
swell test, while moisture vapor was employed in the vapor sensitivity test.
Following conditioning, the impact on Hveem stability was quantified. Hveem
discovered that thicker asphalt coatings were more moisture-resistant. The mix
design system developed by Hveem does not include air spaces.

He believed that film thickness and mechanical properties as described by

stability were most important.

2.9.4 Smith Tri-axial Method

The Smith triaxial method requires an 8-in specimen to be statically
compacted. The compaction procedure for Hveem stability specimens is used as
a model. Six roughly equal-thickness layers make up each 8-inch specimen.
Hveem's specimen required 150 applications of 500 psi pressure for
densification, while the triaxial specimens required 450 applications of 500 psi
pressure in total (because to their roughly three times larger mass). All
specimens are cooled after molding, removed from the mold, and allowed to
cure for 48 hours in a dedicated container. The specimens are put in the triaxial
cell and loaded after curing at 25 "C. From the triaxial test, values of friction and
cohesion are obtained, both of which contribute to the strength of bituminous

concrete under load.

Chapter 2: LITERATURE REVIEW 47



2.9.5 Superpave Method

Superior Performing Asphalt Pavements is referred to as Superpave. The
Superpave mix design method was one of the main outcomes of the Strategic
Highway Research Program (SHRP). The Hveem and Marshall procedures
were intended to be replaced with the Superpave mix design process. In order
to enhance materials selection and mixture design, the Strategic Highway
Research Program (SHRP) developed:

* A novel mix design approach that takes environmental (climate)

conditions and traffic loading into account.

* A novel approach to evaluating asphalt binder.

» Novel approaches to mixture analysis.
Superpave establishes the classification gradations and a common set of sieves
to use for the classification. Additionally, the Superpave system specifies the
drawing of the Maximum Density Line. From the FHWA 0.45 power chart's
origin to its greatest aggregate size, the maximum density line is depicted.
Gradations are categorized by Superpave according to their nominal aggregate
size, which is "one size larger than the first size to retain more than 10% by
weight of aggregate." The definition of the maximum aggregate size is "one
sieve size larger than the nominal aggregate size." Additionally, the Superpave
system creates a restricted area that a gradation mapped on the FHWA 0.45
chart shouldn't cross.
The area indicated on the maximum density line, usually between the 0.03 mm
sieve and the 2.36 mm size, is known as the Restricted Zone. The purpose of the
limited zone was to discourage the production of gradations that plot directly
on the maximum density line and to restrict the quantity of natural sands that
may be utilized in a mix. To get the best mixture qualities, the aggregates and
binder for the asphalt mixture must be mixed together after they have been

chosen. To find the ideal mixture, a number of experimental blends are
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assessed. This is accomplished via the Superpave Gyratory Compactor
(SGC).The SGC is a mechanical compaction device comprised of a reaction
frame, rotating base, and motor; loading system, loading ram, and pressure
gauge; height measuring and recordation system, mould and base plate. The
SGC produces 150 mm diameter by 115 mm high cylindrical specimens.
Gyratory compaction produces with a kneading motion is used that better
replicates what happens beneath the rollers during compaction on the road

surface.

2.10 MARSHALL MIX DESIGN

The Marshall mix design approach is straightforward, small, and
affordable. It generates densities that are rather nearer to field density. The
fundamental idea behind it is to select an asphalt binder content with a suitable
density that satisfies the flow values and minimal stability criteria. The ASTM

and Asphalt Institute [31] have standardized the test techniques.

2.10.1 Marshall Specification

The Marshall Criteria for bituminous mix samples as per Asphalt Institute [31]

is represented in Table 2.2

Table 2.2 Marshall Specification According to Asphalt Institute [31]

Light Traffic | Medium Traffic | Heavy Traffic

Surface and Surface and Surface and

Marshall Specification Base Base Base

Min Max Min Max Min Max

Compaction, No. of blow each

i 35 50 75
end of specimen
Stability, 1b (kN) 750 (3.34) 1200 (5.34) 1800 (8.00)
Flow, 0.25mm (0.01in) 8 18 8 16 8 14
% Air Voids 3 5 3 5 3 5
% Voids in Mineral Agg, VMA Referred to Table 2.3
% Air Void filled with Asphalt,
VEA 70 80 65 78 65 75
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Table 2.3 Minimum Percent Voids in Mineral Aggregate [31]

Nominal Maximum Aggregate Size Minimum VMA (%)

(NMAS) Design Air Voids (%)
mm inch 3.0 4.0 5.0
1.18 No. 16 21.5 22.5 23.5
2.36 No. 8 19.0 20.0 21.0
4.75 No. 4 16.0 17.0 18.0
9.5 3/8 14.0 15.0 16.0
12.5 1/2 13.0 14.0 15.0
19.0 3/4 12.0 13.0 14.0
25.0 1.0 11.0 12.0 13.0
37.5 1.5 10.0 11.0 12.0
50 2.0 9.5 10.5 11.5
63 2.5 9.0 10.0 11.0

2.10.2 Density Void Analysis

Density and voids are used in all mix design techniques to establish
fundamental physical properties. Theoretical maximum specific gravity (Gmm),
Bulk specific gravity (Gsv) and are two commonly used metrics of densities. The
volumetric characteristics of the samples are then determined using these
densities. Percent volume of bitumen (Vb) in mix, Percent air voids (Va), Percent
voids filled with asphalt (VFA) and Percent voids in the Mineral Aggregate
(VMA) are the typical measured void expressions. Effective specific gravity of
combined aggregate (Gsec), Absorbed asphalt percent by total weight of
aggregate (Pva), Effective asphalt percent by weight of total mixture (Pve), Fines
to asphalt ratio (F/A) are also the measurement of effective void and absorbed
asphalt content. All the parameters are determined by the expressions from eq.
(i) to eq. (xii). The respective data of Bulk specific gravity, Percent air voids,
Percent voids filled with asphalt and Percent voids in the Mineral Aggregate
are plotted in graph against the bitumen content which uses to determine

optimum bitumen content [31].
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2.10.3 Stability Flow Analysis

When the test specimen is cured at 60°C for 30 minutes, positioned in a
suitable test head, and subjected to a continuous strain (50.8 mm/minute), the
maximum load needed to cause failure is known as the Marshall stability of the
test specimen. A dial gauge is used to gauge the specimen's vertical
deformation throughout the stability test. The Marshall flow value is the
amount of deformation measured in units of 0.25 mm at the specimen's failure
point. To measure flow, a dial gauge is attached to the testing device. The
stability and flow value are measured after the load is applied. The actual
stability of the specimens is calculated by test stability multiplied with stability
factor as described in ASTM D 6927. The respective data of Stability and Flow
are plotted in graph against the bitumen content which uses to determine

optimum bitumen content [31].

2.10.4 Optimum Bitumen Content

The phrase "Optimal Bitumen Content (OBC)" describes the
recommended quantity of bitumen, sometimes referred to as "Asphalt Binder"
that should be used in asphalt mixtures to produce the necessary performance
characteristics. Designing long-lasting, high-quality asphalt pavements requires
knowing the optimum bitumen content. Graphs are plotted using the density-
void and stability-flow analyses. The plotted graphs are used to calculate four
bitumen content. The formulas for obtaining optimum bitumen content are
given below:

According to IS, OBC = Bitumen Content at (Max. Stability + Max. Density +
Avg. Air Void) / 3

According to ASTM, OBC = Bitumen Content at (Max. Stability + Max. Density
+ Avg. Air Void + 80% VFA) /4

According to Asphalt Institute [31], OBC = Bitumen Content at 4% Air Void.
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2.11 WATER SENSITIVITY ANALYSIS OF ASPHALT MIXES

Water sensitivity of asphalt mix refers to the degree to which the mechanical
properties of asphalt concrete, such as strength and durability, are affected by
water infiltration. This is a key concern in road construction because water can
weaken the bond between the bitumen (asphalt binder) and the aggregates in
the mix, leading to issues such as stripping, potholes, cracking, and overall
deterioration of the pavement. The main points of concern regarding the water
sensitivity of asphalt mix are:

e Stripping: it refers to the separation of the asphalt binder from the
aggregate surface due to water infiltration. When water penetrates into
the pavement structure, it can disrupt the adhesive bond between the
binder and the aggregates, leading to failure.

* Moisture susceptibility: it indicates the likelihood of an asphalt mix
experiencing loss of strength or durability when exposed to moisture.
This is often tested in the laboratory using methods like the Retained
Marshall Stability & Tensile Strength Ratio (TSR), which compares the
strength of conditioned (moisture-exposed) specimens to that of

unconditioned specimens.

2.11.1 Retained Marshall Stability

Retained Marshall stability refers to the ability of an asphalt mix to
maintain its strength and stability after being subjected to conditioning that
simulates long-term exposure to environmental factors like water, temperature
changes, and traffic loads. This test is typically conducted by measuring the
stability of a Marshall specimen before and after immersion in water, which
helps assess the mixture’s resistance to moisture damage. In this context,
Marshall Stability is a measure of the strength of asphalt concrete in resisting

deformation under load. Retained Marshall Stability (RMS) indicates the

Chapter 2: LITERATURE REVIEW 52



percentage of the original Marshall stability that is retained after the asphalt
sample is conditioned, such as through immersion in water for a specified
period (often 24 hours at 60°C) (ASTM D 1075). A higher retained Marshall
stability percentage suggests better moisture resistance and long-term

performance of the asphalt pavement.

2.11.2 Tensile Strength Ratio (TSR)

The Tensile Strength Ratio (TSR) is a key indicator used to assess the
moisture susceptibility of asphalt mixtures. It is a comparison of the tensile
strength of asphalt samples under wet and dry conditions. The purpose of the
TSR test is to determine how well an asphalt mix resists damage caused by
water, particularly stripping, which is the loss of bond between the asphalt
binder and the aggregates due to water infiltration. The TSR test typically
follows the procedure outlined in AASHTO T 283, which includes the Tensile
strength of both the conditioned (wet) and unconditioned (dry) samples is
measured by conducting an Indirect Tensile Strength (IDT) test, where a
compressive load is applied along the vertical diametrical plane of a cylindrical
specimen until failure. The TSR is determined under the two circumstances
mentioned below:

e TSR without Freeze-Thaw Condition: IDT conduct on conditioned (wet)
and unconditioned (dry) samples without the use of freezing-thawing
action.

e TSR with Freeze-Thaw Condition: IDT conduct on conditioned (wet) and
unconditioned (dry) samples with use of freezing-thawing action.

The TSR is expressed as a percentage. A higher TSR value indicates better
resistance to moisture damage, meaning the asphalt mix is less likely to suffer
from water-induced damage such as stripping. Most specifications require a

TSR of at least 80% to ensure adequate moisture resistance.
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2.11.2.1 Indirect Tensile Strength (IDT)

Indirect Tensile Strength (IDT) is a crucial mechanical property of
asphalt mixes that evaluates their tensile strength and resistance to cracking.
This test follows the procedure outlined in ASTM D 6931, involves loading a
cylindrical specimen of asphalt horizontally until failure, using a compressive
force applied along its vertical diametral plane. The stress generated in the
horizontal direction induces tensile failure at the centre of the specimen,
simulating the tensile forces that occur under traffic loading. Higher IDT values
typically indicate better resistance to cracking and improved durability of the

asphalt pavement.

2.11.2.2 Moisture Induced Damaged Test

Moisture-induced damage in asphalt mixes, commonly referred to as
"stripping," occurs when water infiltrates the asphalt-aggregate bond,
weakening the pavement and leading to premature failure. To assess moisture
susceptibility, various laboratory tests are used, such as the Tensile Strength
Ratio (TSR) test, outlined in AASHTO T 283. In this test, conditioned (wet) and
unconditioned (dry) specimens of asphalt mix are subjected to indirect tensile
strength testing. The ratio of the tensile strength of the conditioned to
unconditioned specimens is used to evaluate the mix's resistance to moisture
damage. A higher TSR indicates better resistance. The test helps predict the
pavement’s performance in wet conditions, guiding improvements in material

selection and mix design.

2.12 PREVIOUS INVESTIGATIONS

Since bituminous pavements in transportation systems deal with issues
like economic, environmental, and social factors, they face significant hurdles in

terms of performance, durability, and sustainability. Sustainable development
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requires sustainable construction. One of the primary concerns of a sustainable
transportation system is undoubtedly the sustainability of bituminous
pavement. In addition to achieving its goals in an eco-friendly way, a
sustainable pavement also meets human needs, prudently preserves natural
resources, and preserves and/or restores ecosystems [30]. A durable and
sustainable flexible pavement construction deals with possible reduction of
pavement deterioration caused by expansion and contraction from seasonal
temperature variation, water intrusion, stress from heavy vehicle etc. CRMB
and PMB provide effective solutions to the limitations of neat bitumen in terms
of performance and durability. Also, CRMB minimizes environmental effects of
waste tires. Much research has been conducted to understand the suitability of

such CRMB and PMB. These researches are reviewed below:

2.12.1 Crumb Rubber Modified Bitumen

[4] conducted an investigation on the influence of Crumb Rubber in bituminous
mixture. They added Crumb rubber (5, 10 and 15% by asphalt weight) with
bitumen (80/100 grade) using the wet method. They concluded that the degree
of penetration of the modified bitumen was significantly decreased with the
addition of Crumb Rubber. Additionally, it was found that the inclusion of
Crumb Rubber in bitumen lead to an increase in the ideal amount of asphalt
and improved the volumetric characteristics of asphalt mixtures, specifically in
terms of Marshall stability and Marshall flow. Notably, the utilization of 10%
Crumb Rubber demonstrated the most significant impact on the Marshall
stability of the mixture.

[20] examined the properties of Crumb Rubber modified bitumen using crumb
rubber particles measuring 30 micrometres in size (6% to 14%). They observed
that as the content of crumb rubber increased, the penetration and ductility

values decreased, while the softening point increased. The highest level of
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Marshall stability is achieved when the crumb rubber percentage is at 10%,
however, the ductility is significantly reduced. Based on the results of the
penetration, softening, and ductility tests, it is recommended to use 8% rubber
content for 80/100 grade bitumen.

[32] It was found that adding crumb rubber to bitumen raises the binder's
viscosity, which raises the asphalt mixes' manufacturing temperature. A 60/70
penetration grade asphalt binder treated with CR (at dosages of 15, 18, and 21%
via the wet method) and WMA chemical additives (Evotherm M1 and Iterlow
T) was examined for its mechanical and rheological characteristics. Permeation,
softening point, rotational viscosity, frequency sweep using a dynamic shear
rheometer (DSR), and multiple stress creep recovery (MSCR) tests were among
the laboratory experiments.

According to the findings, CR makes the asphalt binder more rigid, which
results in a better softening point and a lower penetration grade. Although it
reduces fatigue performance, it also increases its resistance to rutting.
Additionally, it has been demonstrated that, in the conditions under
investigation, the asphalt binder's degree of stiffness and performance increases
with the CR concentration. Conversely, WMA technology reduces the
performance and stiffness of asphalt at high temperatures.

[33] used municipal refuse to make sustainable pavement. In this investigation,
base bitumen (PG 64-10) was supplemented with crumb rubber and low and
high density polyethylene. The fundamental parameters utilized to assess the
behavior of the binder with regard to rutting and fatigue cracking are the
complex modulus (G*) and phase angle (0), which are acquired from the
Dynamic Shear Rheometer (DSR). It was determined that the rheological
properties of the binder were significantly improved by the use of Low Density
Polyethylene (LDPE), High Density Polyethylene (HDPE), and Crumb Rubber
(CR) modified binder. Various percentage of crumb rubber from waste tire were

used in this investigation and found that increasing percentage of crumb rubber
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(CR) has a significant effect on the elastic behaviour of the modified binder.
Additionally, recycling this municipal trash will help address the
environmental issues in the Kingdom of Saudi Arabia that arise from their
accumulation in landfills.

[34] noted that employing crumb rubber has the potential to improve the
qualities of traditional bitumen, protect the environment, and provide
industrial-economic benefits. Investigating the impact of varying crumb rubber
contents and blending circumstances (temperature and time) on bitumen
binders' characteristics is the primary goal of this study. The softening point test
and the dynamic shear rheometer (DSR) test were used for testing. The results
demonstrated that while blending time had an insignificant impact on modified
binder properties, varying crumb rubber contents and blending temperature
had substantial effects. The interaction of bitumen-rubber blends was found to
be influenced by higher blending temperature and crumb rubber content. These
factors also increased the rate at which rubber particles swelled, which led to a
decrease in phase angle (0) and an increase in complex shear modulus (G¥),
storage modulus (G'), loss modulus (G"), and softening point. After stress was
removed, the modified bitumen became less prone to deformation, proving that
bitumen's properties are improved and its resistance to high and low
temperatures is increased when crumb rubber is added.

[35] conducted an experiment where they mixed 5% and 10% of CR with 60/70
bitumen. After modifying the bitumen, they saw a decrease in the penetration
value of the modified bitumen. This indicates that the modified asphalt binder
became harder and had improved resistance to deformation. The elevated
softening point indicates an enhancement in the softening temperature of
asphalt binder, leading to an improvement in high temperature stability.

An environmentally friendly method of dealing with crumb rubber to asphalt
pavement and the excellent rheological performance of reclaimed rubber

modified asphalt (RRMA) are introduced in the work. Rubber reclamation
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resulted in a notable decrease in viscosity and an improvement in storage
stability for rubber-modified asphalt. Rotational viscosity, the linear amplitude
sweep test, the multi-stress creep recovery test, and the bending beam
rheological test were used to examine the rheological characteristics. The
rheological performance of RRMA improved as the amount of rubber that was
reclaimed grew, according to the results [36].

[12] examined the physical and rheological properties of bitumen. The
assessment revealed that adding crumb rubber into the neat bitumen resulted in
decreased penetration and increased softening point. Consequently, this leads
to a reduction in the temperature sensitivity of the binder. This is achieved by
elevating the penetration grade and increasing the softening point.
Furthermore, it was shown that the viscosity of the binders that include crumb
rubber experiences a substantial increase.

In the study conducted by [37], bitumen was modified with three additives
(Crumb Rubber, SBS, F.T. Paraffin). The results indicated that the CR
adjustment reduced the non-recoverable creep compliance (Jnr) more
effectively than the SIS adjustment, and that the bitumen maintained its
flexibility better as the temperature increased. Furthermore, this effect became
evident when additives were utilized in conjunction.

A mixture of polymers and crumb rubber additives was used to modify the
bituminous binder. The mixed modified binder was created in the refinery
using the terminal blend method. Characterizing the qualities of the 45/80-55
CR binder in relation to the reference 50/70 and traditional polymer-modified
45/80-55 bitumen was the main goal of the laboratory testing. Rheological
properties were examined using BBR (bending beam rheometer) and DSR
(dynamic shear rheometer) tests, as well as standard binder tests like
penetration, softening point, and Frass breaking point. Using a modified
bitumen tube testing method, the stability of the polymer and crumb rubber

was assessed. The study of the results showed that bitumen treated with
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polymer and crumb rubber had improved viscoelastic qualities. [38] discovered
that bitumen treated with crumb rubber had good low and high temperature
properties and a broad visco-elastic range.

[39] conducted an assessment on the low temperature characteristics of
rubberized asphalt mixture. They found that a mixture containing crumb
rubber had superior toughness at low temperatures and a lower overall cost
compared to an asphalt mixture modified with Styrene-Butadiene-Styrene.

[40] examined the fatigue properties of asphalt mixes including varying
amounts of waste tire powder as a modifier. They found that the addition of
crumb rubber to the modified asphalt mixture improved its fatigue
performance. The crumb rubber asphalt mixture exhibited an extended lifespan
when the crumb rubber percentage reached 9%.

[41] conducted research on the performance of rubber powder modifiers in
pavement. They suggested that increasing the amount of crumb rubber could
enhance the stability of the mixture at high temperatures and in the presence of
water. However, exceeding a specific threshold would diminish the

performance of the mixture.

2.12.2 Polymer Modified Bitumen

The asphalt business has a long history of modifying asphalt binders by
adding a polymer to enhance their rheological and physical characteristics. A
swallowed polymer network is created when the polymer and asphalt binder
are appropriately combined, and this network helps to alter the viscoelastic
behavior. [9].

The rising loading requirements for asphalt pavements are driving a steady
increase in the use of polymer-modified asphalt. Higher dosages are being
utilized more frequently to improve the performance and durability of asphalt

mixtures, even though the typical polymer modification doses fall between 2.5
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and 3.5% by weight of asphalt binder. The resulting binders are known as
highly or heavily modified asphalts (HIMA or HP), and these higher doses vary
from 7 to 8% by weight of asphalt. Characterizing and contrasting various basic
material characteristics as well as the anticipated mechanical performance of a
standard polymer modified and a HiMA asphalt at the binder and mastic levels
under various aging conditions is the aim of this investigation. The results
confirm an enhanced expected long-term mechanical performance of the HIMA
asphalt in road projects as compared to conventional polymer modified binders
[42].

The correct viscoelastic equilibrium that often happens when an efficient elastic
network is formed by molecular association is absent from neat asphalt binders.
By using high molecular weight polymeric additives to create molecular
entanglement in asphalt, it is theorized that the right viscoelastic balance can be
achieved. In this study, a method for altering asphalt binders was created, along
with standards to assess how well the polymer modification process worked.
Arab asphalt binders were modified using the process and criteria to meet the
Gulf countries' performance standards for rutting, fatigue, and low-temperature
cracking. The information gathered made it abundantly evident that polymer
modification works well to enhance the rheological characteristics of neat Arab
asphalt binders in order to meet the performance standards of the Gulf nations.
Moreover, polymer modification is both practical and economically justified,
according to life cycle cost study of several polymer modified combinations

[11].

The fracture temperature of the combination was generally lowered by 6-10°C
using polymer modifiers. There is a strong correlation between the mixture's
performance and the performance-based requirements (SHRP). Resistance to
load-associated fatigue and low-temperature thermal cracking were most

strongly correlated with the binder's theological properties [43].
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According to lab tests, the performance characteristics of binders and mixes
continue to improve as the amount of polymers increases. Without any
construction-related problems, the evaluated field projects demonstrated
promising early field performance. Furthermore, based on the information
found in the literature, this paper discusses approaches that were investigated
to determine a structural coefficient of High Polymer (HP) blends. According to
this analysis, the HP mixtures that were devised have the potential to reduce
the thickness of the asphalt layer by up to 40%, which would result in

significant upfront cost savings [45].

2.13 CONCLUDING REMARKS

From the above discussions, the following salient features can be drawn

* Flexible pavement using conventional bitumen distresses due to stress
from heavy vehicles, expansion and contraction from seasonal
temperature changes, oxidation aging, sun exposure and water logging.
There are numerous types of defects that has been identified on the
conventional bituminous roads including deep potholes, shallow
potholes, surface deterioration, edge failure, cracking, rutting and
subsidence. So, properties of bitumen and bituminous mixes is required
to be improved by modifiers to improve performance, durability and
ensure long life span of the pavement.

e According to the earlier research, bitumen treated with waste crumb
rubber (CR) and styrene-butadiene-styrene (SBS) polymer modified
bitumen can perform better than conventional bitumen to resist
bituminous pavement from permanent deformation, cracking, aging and
moisture induced damages. Among them, PMB is the most common type

modified bitumen using worldwide.
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e Waste crumb rubber (CR) from discarded tires treated with conventional
bitumen forms CRMB. Therefore, utilization of waste tires helps
reducing environmental hazards and making sustainable pavements.

e [t is vital to look at the mechanical properties of conventional and
modified binders through laboratory evaluation helps ensure the binder
performs as required under various loading, temperature, and
environmental conditions.

* Marshall method has to be employed for making Marshall specimens
with various bitumen content of both conventional and modified
binders. Marshall properties i.e., stability, flow value, bulk density, % air
void, void in mineral aggregate (VMA), void filled with asphalt (VFA)
are to be evaluated from experimental analyses to determine the
optimum binder content (OBC).

* Since Bangladesh is a rain prone country, it has adverse effect on flexible
pavement. Therefore, water sensitivity analyses i.e., retained Marshall
stability and TSR on indirect tensile strength (IDT) and moisture induces
damage test have to be conducted for both neat and modified

bituminous mixes to identify the best suitable binder.
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Chapter 3: MATERIALS AND METHODOLOGY

This chapter begins with a general (section 3.1) discussion about the chapter and
describes the work flow diagram in section 3.2. This chapter also represents the
materials (section 3.3) used in the investigation, preparation of crumb rubber modified
bitumen (section 3.4), gradation of aggregate (section 3.5), mechanical properties of
binders (section 3.6). Marshall mix design of bituminous concrete explains in section
3.7. Section 3.8 outlines the procedure of water sensitivity analysis of bituminous mixes
and section 3.9 discusses about the cost analysis of bituminous mixes. finally, the

summary of this chapter discusses in section 3.10.

3.1 GENERAL

This chapter comprehensively reviews the different materials and
techniques necessary for conducting the research. A well performed bituminous
mixes should be capable of supporting high traffic volumes and the goal of this
mix design is to produce a mixture strong enough to meet the standards of the
paving surface. Several well-established methods have been used to assess
bituminous mixtures and various sources are used to collect these materials.
Here Marshall method is adopted for bituminous mixes. In the following
chapter, the materials are examined using recognized methods.

The 60/70 neat bitumen, PMB and CRMB are utilized in this study. The
laboratory is used to measure the bitumen's mechanical properties i.e., specific
gravity, ductility, penetration, softening point, flash and fire points, loss on
heating, elastic recovery, stripping of bitumen-aggregate mix, loss of mass in
thin film oven (TFO) test, reduction in penetration in TFO residue, increase in
softening point in TFO residue, elastic recovery of TFO residue, temperature

susceptibility and determining Marshall properties.
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3.2 WORK FLOW DIAGRAM
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Fig. 3.1 Work Flow Diagram of the Present Investigation
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A workflow diagram demonstrates the sequential steps or necessary
tasks to complete a specific activity or process. The document offers a concise
and organized representation of the work pattern, demonstrate the operations,
decisions, and interrelationships among the various components. The workflow
diagram by which our experiment has proceeded is represented in Fig. 3.1.
Surface course mixes must be made to be stable and long-lasting enough to
support the expected traffic loads and to resist the damaging effects of
temperature, water, and air changes in order to build an appropriate asphalt
pavement. As such, to get better performing asphalt mix in terms of stability
and durability, activities (material collection, preparation of modified binders,
laboratory analyses) involve in comparative experiments of different binders

are important.

3.3 MATERIALS

The natural aggregates (coarse and fine aggregate), stone dust as a
mineral filler, 60/70 neat bitumen, PMB, and crumb rubber (CR) powder are the

ingredients utilized to create bituminous mixtures for the lab experiment.

3.3.1 Coarse Aggregate

The selection of coarse aggregate is crucial in order to achieve maximum
performance of asphalt concrete. The qualities of coarse aggregate, such as the
distribution of particle sizes, shape, and surface roughness, have a significant
impact on the mechanical capabilities and longevity of the asphalt mixture.
Appropriate grading of the coarse aggregate allows sufficient interlocking
within the asphalt binder matrix, hence improving stability and durability
against permanent deformation caused by traffic loads. Furthermore, the
angular shape and rough surface of large aggregate particles enhance the

bonding between the aggregate and asphalt binder. This is important for
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minimizing moisture damage and ensuring the long-term durability of the
pavement. Thorough quality control procedures are essential during the
process of selecting aggregates and designing mixtures to fulfill the standards
of Marshall mix design. These steps are necessary to guarantee the manufacture
of asphalt pavements of superior quality that can resist the demands of traffic
and environmental conditions. For this investigation, coarse aggregate is
collected from Materials Laboratory, CUET. The source of coarse aggregate is

Dubai, U.A.E.

3.3.2 Fine Aggregate

The role of fine aggregate is essential as it significantly impacts the
performance and characteristics of asphalt concrete. The fine aggregate,
commonly made up of sand or crushed stone dust, serves a vital function in
filling the empty spaces between the larger coarse aggregate particles. This
contributes to the overall density and stability of the asphalt mixture. The size
and form of the small particles in the fine aggregate have a considerable effect
on how easy it is to work with, how well it sticks together, and how likely it is
to be affected by moisture in the asphalt binder mixture. An ideal distribution
of fine aggregate particles guarantees effective coverage and bonding with
asphalt binder, resulting in increased resistance to road deformations and
cracks caused by fatigue. Additionally, it enhances the overall durability and
capacity to withstand moisture damage. For this investigation, fine aggregate is
collected from Materials Laboratory, CUET. The source of fine aggregate is
Sylhet.

3.3.3 Mineral Filler

Soil and stone dust are chosen as a mineral filler based on its particle size

distribution, mineralogy, and plasticity index to ensure it is compatible with the

Chapter 3: MATERIALS AND METHODOLOGY 66



asphalt binder and aggregate components. The soil mineral filler has several
roles, such as strengthening the workability and cohesion of the asphalt
mixture, improving the adhesion between the asphalt binder and aggregate
particles, and filling the empty spaces in the aggregate structure to enhance
compaction and stability. In addition, the use of soil filler can help decrease the
drainage of asphalt binder and its susceptibility to moisture, hence improving
the pavement's resilience to rutting, fatigue cracking, and moisture damage.
Stone dust used in this experiment is collected from a stone crusher of
government road project named “SASEC, Dhaka-Sylhet Corridor Road

Investment Project” under Roads and Highways Department (RHD).

3.3.4 60/70 Neat Bitumen

Bitumen is a thick, black crude oil which is composed of complex, heavy
hydrocarbons. Bitumen used in flexible pavement construction should have the
quality and performance to withstand surface deterioration, edge failure,
cracking, rutting, and subsidence due to water intrusion, stress from heavy
vehicles, expansion and contraction from seasonal temperature changes, and
sun exposure. The grade of bitumen is named after the penetration test on
bitumen. Among this bitumen 80/100 & 60/70 penetration grade bitumen are
used in Bangladesh. In this research, 60/70 penetration grade bitumen is
selected for further testing. This is collected from Transportation Laboratory,
CUET. The source of 60/70 bitumen is Eastern Refinery Ltd. located in

Chittagong.

3.3.5 Reclaimed Crumb Rubber (CR)

Crumb rubber is a type of rubber that is made by recycling used tires of
vehicle. Crumb rubber is a polymer mostly consisting of rubber and carbon

black. Crumb rubber primarily consists of vulcanized rubber, which is
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predominantly composed of non-polar rubber hydrocarbon. Crumb Rubber is
collected from tire re-treading shop located at Kadamtali, Chattogram. Being
screened of the crumb rubber, the 50 mesh (0.30 mm size) CR powder is used as

modifier to modify 60/70 grade bitumen.

3.3.6 Polymer Modified Bitumen (PMB)

One of the particularly created and developed bitumen grades used to
create pavement and roads for heavy traffic is polymer modified bitumen
(PMB). Blending bitumen 60/70 with a particular grade of SBS (styrene-
butadiene-styrene) under extremely specific pressure and temperature
conditions is known as polymer modified bitumen. Because polymer-modified
bitumen is less sensitive to temperature, it will not flow in hot summer
temperatures and will not break in cold winter temperatures because it retains
its elasticity at low temperatures. Due to its high viscosity and excellent fatigue
resistance, PMB will adhere to aggregates rather than separate. A cured
polymer modified bitumen binder composition is created by adding a block
copolymer composition to the bitumen component while the bitumen
component is being stirred at 2000 + 10 rpm to create a homogenous mixture of
the bitumen and the block copolymer. The temperature is kept between 180°C
and 190°C for two hours [26]. SBS modified bitumen (SBS PMB PG 70-40) is
collected from a bituminous surface treatment project named “Performance
Based Operation of 4-Lane Dhaka-Chattogram National Highway (N1), Cumilla
Part, Daudkandi to Dhumghat Bridge (Ch. 39+267Km to 165+183Km)” under
Roads and Highways Department (RHD). The PMB was brought to this project
from Manufacturer: Dan-Bunkering (Middle East) DMCC located in Dubai,
U.A.E. According to the project specification, 5% SBS was added with 60/70

neat bitumen to prepare modified bitumen.
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3.4 PREPARATION OF CRUMB RUBBER MODIFIED
BITUMEN
The waste crumb rubber (CR) is collected from tire re-treading shop which
is used through following process to prepare CRMB in the Transportation
Laboratory, CUET.

3.4.1 Processing of Crumb Rubber

The crumb rubber particles are screened by sieve no. 50 (0.30 mm particle
size) and collected CR powder to modify 60/70 bitumen. Before blending, CR

powder is cleaned and dried properly.

3.4.2 Blending of Crumb Rubber

The wet process and the dry process are the two ways that CRMB can be
produced. In both cases, heated bitumen and crumb rubber are combined in a
high-speed mixer. Wet crumb rubber is used in the wet process, while dry
crumb rubber that has been finely powdered is used in the dry process. The
guidelines developed by [17] are applied while mixing asphalt and crumb
rubber. Before adding crumb rubber, 60/70 penetration grade bitumen is heated
in a mixing machine to 160°C. About five minutes are spent mixing at a low
speed with 7.0% (by weight) of 50 mesh (0.3mm) crumb rubber [20]. After that,
a mechanical stirrer running at 1400 rpm is used to vigorously swirl the mixture
for around 60 minutes while it is heated to between 170°C and 180°C. The
generated modified bitumen is taken out of the mixing machine after 60

minutes and allowed to cool before being stored in a sealed container.

3.5 GRADATION OF AGGREGATE

The distribution of particle sizes in a given sample is described by the

aggregate gradation, which also establishes the aggregate quality. There are
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several distinct aggregate sizes in this gradation. Smaller rocks and particles fill

the voids left by larger rocks.

The smallest sieve that 100% of the sample must pass through is known as the

maximum aggregate size. The smallest sieve size that most of the material can

flow through (up to 15% can be retained) is known as the nominal maximum

aggregate size (NMAS). In this study, maximum aggregate size is 25mm and

nominal maximum aggregate size is 19mm.

The natural aggregates are collected, sieved, and then kept individually based

on size. In accordance with ASTM and RHD specifications, the following

surface course gradation was chosen. Table 3.1 displays the aggregate

gradation.

Table 3.1 Gradation of Aggregate (ASTM D 3515 & Technical Spec. of RHD)

Percent (%) Passing

Sieve Size (mm) (l\l/Igar;nggNgOrI;;Zfel Mid Value We1§21t)111\14}3(();/on5)1 100
Size, NMAS)
25 100 100 0
19 90-100 95 55
12.5 67-88 77.5 192.5
9.5 56-80 68 104.5
4.75 35-65 50 198
2.36 23-49 36 154
1.18 14-34 24 132
0.6 9-24 16.5 82.5
0.3 5-19 12 49.5
0.15 3-13 8 44
0.075 2-8 5 33
<0.075 - - 55
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3.6 MECHANICAL PROPERTIES OF BINDER

Bitumen, also known as asphalt, is a viscoelastic material commonly used
in road construction. Its mechanical properties are crucial for determining its

performance in pavements, waterproofing, and other applications. Key

mechanical properties of bitumen are listed in the following Table 3.2.

Table 3.2 Mechanical Property Tests for Bitumen Binders

SI. No. Name of The Property Test Reference(s)

1 Specific Gravity AASHTO T228 / ASTM D70

2 Penetration AASHTO T49 /| ASTM D5

3 Softening Point (R&B) AASHTO T53 / ASTM D36
Ductility AASHTO T51 / ASTM D113

5 Loss on Heating for 5 hrs at 163°C AASHTO T179 / ASTM D6

6 Flash & Fire Point AASHTO T48 / ASTM D92

7 Elastic Recovery, 10 cm elongation AASHTO T301 / ASTM D6084

8 Striping of Bitumen-Aggregate Mix AASHTO T182 / ASTM D1664

9 Thin Film Oven (TFO), Loss in Mass AASHTO T240 / ASTM D1754

10 Penetration of Residue of TFO AASHTO T49 /| ASTM D5

11 Ductility of Residue of TFO AASHTO T51 / ASTM D113

12 Softening Point (R&B) of Residue of TFO AASHTO T53 / ASTM D36

13 Temperature Susceptibility AASHTO T49 /| ASTM D5

3.7 MARSHALL MIX DESIGN OF BITUMINOUS CONCRETE

The process of measuring the ratios of aggregates, bitumen, and other

additives to be used in asphalt concrete or bituminous mixes is referred to as
bitumen mix design. For this investigation, the Marshall mix design is used.
This approach is straightforward, small, and affordable. It is the world's most

popular method. It generates densities that are rather nearer to field density.
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The fundamental idea behind it is to select an asphalt binder content with a
suitable density that satisfies the flow values and minimal stability criteria.
ASTM and other organizations have standardized the test technique. Bitumen
and aggregate hot-mix designs with a maximum size of 25mm are suitable for
the stability test.

The heated aggregates and bitumen are adequately blended. When the mixture
temperature is between range specified, placed into a heated mould, and
rammed 75 times on each side to crush it. It is possible to adjust the weight of
the materials used to make the specimen in order to get a compacted thickness
of 63.5£3 mm. In the following experiment, repeat the previous procedure while
increasing the bitumen concentration by +0.5%. The bitumen percentage has
been adjusted from 4.0 to 6.5%. Number 3 specimens are prepared for each

bitumen percentage.

3.7.1 Mixing and Compaction Temperature

The Viscosity-Temperature relationship indicates the change in viscosity
of the bitumen binder with temperature. Bitumen become less viscous (thinner)
as temperature increases, while they become more viscous (thicker) as
temperature decreases. Hence, it is necessary to develop a Temperature-
Viscosity chart to establish mixing and compaction temperatures. This can be
done by determining the viscosity in Pa-s at different temperatures - generally
ranges from 110°C to 190°C. These viscosities are then plotted against
temperature on the graph and a straight line is drawn between the points as
shown in Fig. 3.3. The desired viscosity range for mixing temperature is in
between 0.15 and 0.19 Pa-s, 0.25 and 0.31 Pa-s is for compaction temperature.
Appropriate mixing and compaction temperatures are selected as the

temperature where these viscosity requirements are met (ASTM D 6926).
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3.7.2 Compaction of Specimens

A temperature of 90°C to 150°C is applied to the specimen mold assembly
and the compaction hammer's face. Before the mixture is added, a piece of
nonabsorbent paper that has been cut to size is inserted into the mold's bottom.
A warm spatula is used to vigorously stir the mixture once it has been placed.
Cut a second piece of non-absorbent paper to fit over the mixture. The mixture's
temperature right before compaction is kept within the compaction temperature
range. The mold assembly is set up on the pedestal and compacted by applying
the necessary number of blows to each side using the designated compaction
hammer. After compaction, the collar and base plate are removed and the

specimen with mold is allowed to cool in room temperature (ASTM D 6926).

3.7.3 Marshall Properties of Compacted Mix

To assess the characteristics of the compacted mix, experimental
investigations were carried out using Marshall specimens in accordance with
ASTM D 6927. These are (i) Stability-Flow Analysis and (ii) Density-Voids
Analysis. Density-Void Analysis is used to measure the bulk density of the
compacted mix, the percentage of air void, the void in mineral aggregate
(VMA), the void filled with asphalt (VFA), the percentage of absorbed asphalt
by the total weight of aggregate (Pba), and the percentage of effective asphalt
by the weight of the entire mixture (Pbe). Stability: The compacted mix's
stability and flow value are provided by flow analysis. Fig. 3.2 illustrates the
bituminous mix's volume-void relationship.

The standardized the test procedures have been explained by ASTM and
Asphalt Institute [31]. According to MS-2, 2014, the test techniques involve

following calculations:

* Specific Gravity of Asphalt (Binder), Gv is determined in laboratory.
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Fig. 3.2 Phase Diagram of Bituminous Mix [31]

* Bulk Specific Gravity of Combined Aggregate, Gss = Dry (OD) Mass / Bulk

Volume
R % — +P,
- Pl P_2+ +P_n .............. (1)
ot ot o

Where, P1, P, . . .. Pn = Individual Percentage by Mass of Aggregate

Gy, G, .. .. Gn=Individual Bulk Specific Gravity of Aggregate
The bulk specific gravity of mineral filler is difficult to determine accurately.
However, if the Apparent Specific Gravity of the filler is substituted, the error is

usually negligible.

* Effective Specific Gravity of Combined Aggregate, Gse = Dry (OD) Mass /

Effective Volume

Pmm—Pp .
e AR (ii)
Gmm Gp

Where, Gmm = Max. Specific Gravity of Paving Mix
Pmm = Percent by mass of total Loose Mixture = 100
Py = Asphalt Content, percent by total Mass of Mixture

Gb = Specific Gravity of Asphalt
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Apparent Specific Gravity of Combined Aggregate, Gsa = Dry (OD) Mass /

Apparent Vol. ... ... (iii)

* Bulk Specific Gravity of Compacted Mix, Gmv = Mass of Asphalt and
Aggregate / Vol. of Compacted Mix ................. .. ... ... .. (iv)

* Theoretical Max. Specific Gravity of Paving Mixture, Gmm = Mass of Asphalt

and Aggregate / Vol. of Uncompacted or Loose Mix = P_I: "J:"L_b ............ (v)
Gse Gp

Where, Gs. = Effective Specific Gravity of Combined Aggregate
Pmm = Percent by mass of total Loose Mixture = 100
Py = Asphalt Content, percent by total Mass of Mixture
Gb = Specific Gravity of Asphalt
Ps = Aggregate (Stone) Percent by Total Weight of Aggregate

* Asphalt (Bitumen) Percent by Weight of Total Mixture, P» = Total Asphalt

Content of a Paving Mixture

* Effective Asphalt Percent by Weight of Total Mixture, Pre = Total Asphalt

content of a paving Mixture - The Portion of Asphalt absorbed into the

Aggregate Particles = P, — % P (vi)

Where, Pva = Absorbed Asphalt Percent by Total Weight of Aggregate
Pv = Asphalt Content, percent by total Mass of Mixture

Ps = Aggregate (Stone) Percent by Total Weight of Aggregate

* Absorbed Asphalt Percent by Total Weight of Aggregate, Pra = The Portion

Gse— Gsp

of Asphalt absorbed into the Aggregate Particles =100 * ——=* G,,. ... (Vvii)

se*Gsh
Where, Gs. = Effective Specific Gravity of Combined Aggregate
Gsb = Bulk Specific Gravity of Combined Aggregate
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Gb = Specific Gravity of Asphalt

» Aggregate (Stone) Percent by Total Weight of Aggregate, Ps
=Ppm — P,=100-Po . .... (viii)
Where, Pmm = Percent by mass of total Loose Mixture = 100

Py = Asphalt Content, percent by total Mass of Mixture

* Air Void Percent by Total Volume of Compacted Mixture, Pa = Total Vol. of
small pockets of air between the coated aggregate particles throughout a
compacted paving mixture

=100 % mmtmb . (ix)

* Voids in Mineral Aggregate, VMA = Air voids & Effective Asphalt Content,

Percent by Volume of Compacted Mixture = 100 - % ................ (%)
sb

* Voids Filled with Asphalt, VFA = Vol. of Air Voids Occupied by Effective

Asphalt, (VMA — V.), Percentage of VMA =100 * 222=Fa .. (xi)
VMA

* Fines to Asphalt Ratio, F/A =% Pass #200 / Pee. . ............. ... ..., (xii)

The set of test samples are prepared for both modified and unmodified binders.
The performance of these modified and unmodified binders is evaluated and

compared according to guidelines specified in Table 2.2.

3.7.4 Optimum Bitumen Content (OBC)

The test results of various Marshall properties i.e., stability, flow value,
bulk density, % air void, void in mineral aggregate (VMA), void filled with
asphalt (VFA) found from experimental analyses are then plotted in graphs

against different bitumen content as shown in Fig. 3.5. As per recommendation
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of asphalt institute, MS-2, 2014, the optimum bitumen content (OBC) is

determined at 4% air void from % air void vs. bitumen content graph.

3.8 WATER SENSITIVITY ANALYSES OF BITUMINOUS MIX

Bituminous samples are put through the moisture susceptibility test, also
known as the water sensitivity test, to determine how resistant they are to harm
brought on by moisture. A bituminous mixture's sensitivity to moisture is
commonly evaluated using the performance tests known as Retained Marshall
Stability and Tensile Strength Ratio (TSR). The mix is often performed well and
be resistant to moisture damage if the Retained Marshall Stability and Tensile

Strength Ratio (TSR) is greater.

3.8.1 Retained Marshall Stability

ASTM D 1075 determines the loss of stability caused by submersion of
flexible pavement in water. A minimum of six Marshall compacted
specimens—three for conditioned samples and three for unconditioned
samples—are required for both neat and modified bitumen. The specimens are
in the intended gradation and have the right binder content. Each specimen's
density and air voids are measured. Three samples are placed in a water bath
set at 60°C for a full day, and three samples are left at room temperature. After
a 24-hour waiting period, the three standard specimens are conditioned. Every
sample is subjected to standard stability tests, and the average findings for each
set are calculated. The following equation was used to determine retained
stability. Bitumen with a greater maintained stability value is more resilient to

water immersion-induced road stability deterioration.

Retained Stability % = (Conditioned Stability / Unconditioned Stability) * 100
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3.8.2 Tensile Strength Ratio

The following formula is used to determine the tensile strength ratio
(TSR) for both neat and modified bitumen (ASTM D 4867). The conditioned
subset's tensile strength divided by the unconditioned subset's is known as the
TSR. Bitumen with a higher TSR value is more resilient to moisture-induced
degradation. A bitumen's resistance to rutting and lower temperature cracking

increases with its tensile strength.

Tensile Strength RatiO, TSR (%) =S t(Conditioned)/ S t (Unconditioned) *100
Where, TSR = Tensile strength ratio, %
S t(Conditioned) = Avg. tensile strength of the conditioned subset, kPa (psi)

S t (Unconditioned) = Avg. tensile strength of the dry subset, kPa (psi)

3.8.2.1 Indirect Tensile Strength

The degree of susceptibility to moisture damage is determined by
preparing a set of laboratory compacted specimens conforming to the job mix
formula. A total of 6 specimens of equal void content are prepared. The set of
specimens are divided into two subsets. One subset (3 specimens) is immersed
in a water bath at 60°C, for a period of 24 hours (conditioned samples). The
samples are then removed from the water bath and kept at a temperature of
25°C for a period of 2 hours. Other subset (3 specimens) of samples
(unconditioned samples) are kept at a temperature of 25°C for a period of 2
hours without soaking. The tensile strength of each subset is determined by the
tensile splitting test. These specimens are then mounted on the conventional
Marshall testing apparatus and positioned the loading strips so that they are
parallel and centered on a vertical diametral plan. Diametral load is applied at a

deformation rate of 51mm/min and the load at failure is recorded at each case
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(ASTM D 6931). Split / Indirect tensile strength (IDT) is determined for bitumen

by following equation:

2000P
I1Dt

Split Tensile Strength, St = (kPa) or

Si= % (psi)
Where, St = Split tensile strength, kPa (psi)
P = Maximum load, N (Ibf)
t = Specimen height immediately before tensile test, mm (in)
D = Specimen diameter, mm (in)
The potential for moisture damage is indicated by TSR i.e., the ratio of the

tensile strength of the conditioned subset to that of the unconditioned subset.

3.8.2.2 Moisture Induced Damage Test

By performing freezing-thawing action on test samples, which is a
measure of the asphalt mix's long-term stripping susceptibility, the AASHTO T
283 specification determines the moisture-induced degradation of flexible
pavement. Two sets of Marshall samples with an air void of 7 + 0.5% are used
for the test. There are two subsets of the sample set. The first set consists of
three unconditioned subset samples that were maintained at 25°C for two hours
without soaking. The second subset are conditioned by vacuum saturation by
70-80 percent (AASHTO T 283-03) with water and then placed in a freezer at 0°F
(-18°C) for 24 hours. The conditioned specimens are then placed in a water bath
at 25°C for 24 hours. After the freeze-thaw conditioning is done, the indirect
tensile strength (IDT) is measured. The tensile strength of conditioned sample
St(Conditioned) is compared to the tensile strength of unconditioned sample
St(unconditioned) to determine tensile strength ratio (TSR). Bitumen having
more TSR value is more resistant to moisture induced damage including

freezing thawing condition.

Chapter 3: MATERIALS AND METHODOLOGY 79



3.9 COST ANALYSIS OF BITUMINOUS MIXES

A cost analysis of bituminous mix (asphalt) involves evaluating the costs
associated with the production, transportation, and laying of the asphalt mix on
a road or project site. The purpose of cost analysis of asphalt mixes is to
evaluate and compare the financial implications of using different asphalt
materials, mixtures, or production processes in paving projects. The cost
analysis ensures that the project remains within budget and identifies areas
where cost savings may be possible. This analysis typically includes the
following components:

A. Material Costs

Bitumen: The binder material used in asphalt mixes, requirements of
which depends on the proportion of bitumen to aggregate. The cost of

bitumen can fluctuate with oil prices.

Aggregates: Crushed stone, gravel, or sand, which serve as the bulk
material in the mix. The cost of asphalt depends on type and quality of

aggregates used.

Filler Material: Additional fine materials like stone dust, clay soil, lime

or other additives used to improve the mix.

Modifiers: Polymers, rubber, or other modifier used to modify bitumen
which included with conventional bitumen to enhance the performance
characteristics. The cost of modified bitumen depends on the fact that

whether the modifiers are locally available or not.
B. Production Costs

Heating and Mixing: The bitumen and aggregates must be heated and
mixed in an asphalt plant, which requires fuel (natural gas, oil, or

electricity) and labor.
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Plant Operations: Overheads like plant maintenance, labor costs,

equipment depreciation, and utilities.
Transportation Costs

Distance from Asphalt Plant to Site: Transportation costs depend on the

distance from the production plant to the road construction site.
Fuel Prices: Higher fuel costs can increase the transportation cost.

Vehicle Availability: The number of trucks required for delivery and

their availability impact costs.

. Labor and Equipment Costs

Paving Equipment: The cost of operating and maintaining machinery

such as pavers, rollers, and compactors.
Labor: Costs for the crew involved in leveling and grading of the site
prior to laying the asphalt mix, laying of asphalt, spreading and

compacting the bituminous mix.

3.10 CONCLUDING REMARKS

From the above discussion, the following salient features can be drawn:

An experiment specific work flow diagram is established by which all
the laboratory investigations are to be conducted to get suitable
outcomes.

ASTM and RHD specifications for aggregate gradation for the
bituminous surface course is selected for this investigation. An aggregate
gradation chart is developed based on the specifications.

The coarse aggregate and fine aggregate are collected from materials
laboratory of CUET. The stone dust as filler material are collected from a

stone crusher mill of government road project named “SASEC, Dhaka
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Sylhet Corridor Road Investment Project” under Roads and Highways
Department.

* A binder, conventional 60/70 penetration grade bitumen is collected from
transportation laboratory, CUET. Another binder, polymer modified
bitumen (SBS PMB PG 70-40) is collected form from a bituminous surface
treatment project named “Performance Based Operation of 4-Lane
Dhaka-Chattogram National Highway (N1), Cumilla Part, Daudkandi to
Dhumghat Bridge (Ch. 39+267Km to 165+183Km)” under Roads and
Highways Department (RHD).

* The waste crumb rubber (CR) is collected from tire re-treading shop
located at Kadamtali, Chattogram which is to be blended with Neat 60/70
bitumen for preparation of crumb rubber modified bitumen (CRMB).
This is another modified bitumen required for the study.

* The mechanical properties of conventional and modified binders
through various laboratory experiments are conducted to evaluate
performance of binder.

* The volumetric properties, stability, flow and ideal binder content for the
optimal amount of bitumen are determined by the Marshall method of
bituminous mix design, mostly used and straightforward procedure out
of five mix design approaches.

e Since bituminous surfaces are directly exposed to weather, water
sensitivity analyses of bituminous mix are performed by Retained
Marshall Stability and Tensile Strength Ratio to identify suitable binder.

* The costs of asphalt are analyzed to figure out the cost effectiveness of

bituminous mixes using modified and unmodified binders.
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Chapter 4: EXPERIMENTAL INVESTIGATION
AND RESULT

This chapter begins with a general (section 4.1) discussion of the chapter and
shows the test results (section 4.2) of various materials used in the investigation. The
bituminous mix designs using various binders are explained in section 4.3. The results
of bituminous mix performance are shown in section 4.4. finally, the summary of this

chapter discusses in section 4.5.

4.1 GENERAL

This chapter covers the experiments outcomes and the laboratory activity.
Polymer modified bitumen and neat 60/70 bitumen have been collected. Waste
crumb rubber (CR) has also been collected and blended with neat 60/70 bitumen
to prepare crumb rubber modified bitumen. Both the neat and modified
bitumen have been used to make Marshall mix. The physical properties and
optimum bitumen content of bituminous mix prepared by neat 60/70 bitumen,
PMB and CRMB have been determined. Water sensitivity of various bituminous

mixes have also been analysed.

4.2 MATERIAL USED IN THE INVESTIGATION

For the purpose of this experiment, natural aggregate has been utilized as
both coarse aggregate, fine aggregate and mineral filler. Additionally, neat
60/70 penetration grade bitumen and modified bitumen have been used as

binder materials.
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4.2.1 Coarse Aggregate

Aggregates that are retained on a 4.75mm sieve are coarse aggregate. The
coarse aggregate has been used in this investigation is originated from Dubai,
UAE. The physical properties of coarse aggregates have been evaluated and
presented in the Table 4.1.

4.2.2 Fine Aggregate

Sand retained on a 0.075mm sieve after passing through a 4.75mm sieve
has been taken as fine aggregate. The fine aggregate has been used in this
investigation is originated from Sylhet, Bangladesh. The specific gravity has

been evaluated and presented in the Table 4.1.

4.2.3 Mineral Filler

Filler materials are those which pass standard No. 200 sieve (0.075mm)
i.e., pan materials. The filler materials are either fly ash, soil, or stone dust. In
this investigation, stone dust has been used as filler material in this
investigation is originated from Meghalaya, India. The specific gravity has been

evaluated and presented in the Table 4.1.

Table 4.1 Mechanical Properties of Aggregates and Mineral Filler

. Specifications Reference for
Properties Result
Surface Course
Specific Gravity of Coarse Aggregate 2.67 -
Specific Gravity of Fine Aggregate 2.60 -
Specific Gravity of Filler (Stone Dust) 2.58 -
<30%, AASTHO T
Los Angeles Abrasion Test (LAA) 13.36% 30%, AASTHOT96 &
RHD
Aggregate Impact Value (AIV) 9.39% <20%, BS 812-112:1990
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Aggregate Crushing Value (ACV) 16.93% <25%, STP 7.7.1 & RHD

Elongation Index 26.89% <45%, IS 2386: Part 1

Flakiness Index 22.34% <30%, STP 7.3.1 & RHD

4.2.4 Aggregate Gradation

According to ASTM D 3515 & Technical Specification, RHD, the aggregate
gradation curve for coarse aggregate, fine aggregate and mineral filler are

shown in Fig. 4.1.
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Fig. 4.1 Aggregate Gradation Curve (ASTM D 3515 & Tech. Spec. of RHD)

4.2.5 Crumb Rubber

Waste crumb rubber (CR) produce from scrap tires go through a multi-
step grinding process at room temperature. The waste crumb rubber has been

collected from Kadamtali, Chittagong. 7.0% by weight of passing sieve No. 50
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(0.30mm) crumb rubber particle has been blended with neat 60/70 penetration
grade bitumen pre-heated at temperature 180 °C t0190°C to prepare crumb
rubber modified bitumen (CRMB). The gradation of CR is shown in Fig. 4.2.
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4.2.6 Binders

Three binders have been utilized in bituminous mix design to evaluate
the effectiveness of binders: Polymer Modified Bitumen (PMB), Crumb Rubber
Modified Bitumen (CRMB), and the traditional 60/70 Penetration Grade
Bitumen.

¢ The 60/70 Bitumen has been used in this investigation is originated from

Eastern Refinery Ltd., Bangladesh.

e The PMB has been used in this investigation is originated from Dubai,

UAE.

e The CRMB has been used in this investigation is prepared in

Transportation Laboratory, CUET.

Laboratory analysis has established the mechanical characteristics of both neat

and modified bitumen, which are shown in Table 4.2.
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Table 4.2 Mechanical Properties of Various Binders

N f Th ASTM/ o
ame o e Specificati
Unit | 60/70 | PMB | CRMB | References AASHTO pectiications
Test L for Modified
Specifications .
Bitumen
» ASTM:1.0~1.2
Specific AASHTO T228 /
- 1.024 1.015 1.037 AASHTO: 1.0 ~ -
Gravity @ 25°C ASTM D70 -,
Penetration @
. 0.1 AASHTO T49/ | 60/70 Bitumen =
25°C & 100gm 68.5 425 32.5 30 ~ 50
mm ASTM D5 60 ~ 70
loading, 5 Sec
Lower Grade
Softening Point . AASHTO T53 / Bit. =40 ~ 60, .
C 48.5 67.5 68.5 ] Min. 60
(R&B) ASTM D36 Higher Grade
Bit. =60~ 70
B AASHTO T51 / .
Ductility cm 100+ 100+ 32.8 Min. 100 -
ASTM D113
Loss on
. % AASHTO T179/
Heating for 5 0.91 0.0 0.0 Max. 1 Max. 1
Loss ASTM D6
hrs. at 163°C
. AASHTO T48 / . .
Flash Point °C 305 340 330 Min. 230 Min. 220
ASTM D92
. . . AASHTO T48 / .
Fire Point C 320 357 350 Min. 300 -
ASTM D92
Elastic Recovery
N AASHTO T301 / ASTM: Min. 60 .
at 25°C, 10cm % 17 61 70 Min. 60
ASTM D6084 AASHTO: 40 ~ 85
elongation
Stripping of
. PPING AASHTO T182/
Bitumen- % 0.7 0.0 0.0 Max. 5 -
ASTM D1664
Aggregate Mix
Thin Film Oven
% AASHTO T240 /
(TFO) for 5 hrs. 1.64 0.83 0.34 Max. 1 Max. 1
Loss ASTM D1754
at 163°C
Reduction in
_ AASHTO T49 /
Penetration of % 49 17 11.5 Max. 35 -
ASTM D5
TFO Residue
Increase in
) ) . AASHTO T53 /
Softening Point C 5 2 2 Max. 5 -
ASTM D36
of TFO Residue
Elastic
AASHTO T51 / )
Recovery of % 12 52 67 Min. 50 -
ASTM D113
TFO Residue
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The laboratory data suggests that almost all the properties of the bituminous
material satisfy the conditions specified in the ASTM, AASHTO and RHD
specification. In contrast to the traditional neat 60/70 bitumen, modified
bitumen performs better. Based on the test results, an overview of the qualities
of different types of bitumen are given below:

* Penetration: Bitumen with higher penetration value is softer and more
susceptible to deformation at high temperatures whereas bitumen with
lower penetration value is harder and may crack at low temperatures.
Bangladesh has a tropical monsoon climate, characterized by high
temperatures, heavy rainfall, and high humidity throughout the year.
Since modified bitumen have a lower penetration value than
conventional neat 60/70 bitumen, these are less sensitive to temperature
changes. Among the modified bitumen, CRMB performs best.

* Softening Point: The softening point of bitumen is a crucial property
that reflects how the material behaves under temperature variations,
especially in pavement applications. A higher softening point implies
lower temperature susceptibility, meaning the bitumen is more resistant
to softening in hot climates. At elevated pavement temperatures,
bitumen can soften and lose its ability to hold aggregate in place. Thus,
pavement experiences permanent deformation or rutting under traffic
loads. Modified binders have attained higher softening point which
provides reduced risk of pavement deformation, rutting and bleeding,
especially in hot climates and can withstands greater temperature
variations, making it suitable for extreme weather conditions. Among the
modified binders, softening point temperature of CRMB is higher.

* Flash & Fire Point: The flash point of bitumen provides safety threshold
during heating and the fire point indicates absolute upper limit for safe
heating. Higher flash and fire points of modified bitumen provide safety

during heating and application, eliminating the possibility of an
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accidental fire. The PMB holds highest temperatures at flash & fire
points.

* Loss on Heating: It is a critical test that measures the volatilization and
oxidation of bitumen when subjected to elevated temperatures. The
percentage loss in mass of bitumen after being heated (usually at 163°C
for 5 hours) in a thin film oven represents the amount of volatile
components (light oils) lost due to heat exposure, reflects how bitumen
will behave during mixing, storage, and paving. Over time, bitumen
hardens and becomes brittle due to oxidative aging, which is less likely
to occur in modified bitumen that does not lose mass when heated. As no
loss identified for modified bitumen, its utilization in pavement
applications increases its lifetime and durability.

* Elastic Recovery: High elastic recovery in bitumen refers to the
material's ability to recover its original shape after being deformed, such
as when subjected to traffic loads. It offers the following benefits: fatigue
resistance to prevent fatigue damage over time under repeated traffic
loads; improved crack resistance to withstand stress and strain caused by
temperature fluctuations or repeated loading; improved rutting
resistance to resist permanent deformation under heavy traffic loads; and
self-healing properties that gradually restore minor cracks and
deformations. Compared with neat 60/70 bitumen, the ability of elastic
recovery of modified bitumen are high. The greatest value of elastic
recovery has shown by CRMB.

e Stripping: It refers to the loss of adhesion between bitumen and
aggregate in an asphalt mix, usually due to the presence of water,
leading to ravelling, potholes, and cracks. Water ingress leads to loss of
cohesion, reducing the load-carrying capacity, results in premature
deformation, particularly under repeated loading. The zero-stripping

results of modified binders indicate good adhesion between bitumen and
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aggregates in the presence of water, which is significant for road
construction and pavement performance. In addition, it assures that
bitumen will adhere firmly to the aggregates and withstand water
penetration, lowering the possibility of water-related damage like
ravelling or potholes.

* Ductility: Ductile bitumen can better accommodate the expansion and
contraction caused by temperature changes in pavements, reducing the
chances of cracks forming. It measures the ability of bitumen to undergo
significant deformation or stretching without breaking under specific
conditions. Though 60/70 bitumen and PMB represent the ductility value
more than 100 cm, CRMB shows poor ductility result.

* Loss of Mass in Thin Film Oven (TFO) Test: The Loss of Mass in the
Thin Film Oven (TFO) test is a critical indicator of the volatility and
oxidative stability of bitumen during short-term aging. It measures
evaporation of volatile components (e.g., light hydrocarbons). A high
loss indicates the binder contains excessive volatiles, which may
evaporate during heating and affect performance and lower mass loss
correlates with better durability and resistance to early aging. This test
simulates the hardening of bitumen that occurs during the mixing and
laying process in hot mix asphalt. In TFO test, the loss of mass of
modified binders are less than 1.00% on the other side 1.68% loss of mass
has been identified for neat 60/70 bitumen.

* Reduction in Penetration, Increase in Softening Point & Elastic
Recovery of TFO Residue: The neat 60/70 bitumen has lost its properties
after TFO test which have been identified while conducting Reduction in
Penetration, Increase in Softening Point and Elastic Recovery tests on the
residue of TFO test. The neat bitumen does not satisfy the criteria
specified in ASTM and AASHTO. However, the modified binders

perform well.
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Therefore, as compared to pure 60/70 bitumen, modified bitumen —specifically
crumb rubber modified bitumen, or CRMB—has demonstrated the best
performance, durability, and stability. This indicates that the introduce of
crumb rubber improves several characteristics of the bitumen such as,
> Excellent Rutting Resistance: rubber increases elasticity, reducing
permanent deformation.
> Improved Fatigue Life: rubber particles absorb stresses, delaying
cracking.
> Reduced Temperature Susceptibility: CRMB performs well in both hot
and cold climates which reduced possibility of thermal cracking.
> Better Aging Resistance: rubber slows oxidation and hardening.
» High Elastic Recovery: more elastic due to rubber content.

> Stripping Resistance: better adhesion between aggregate and binder.

4.2.6.1 Temperature Susceptibility of Binders

The bitumen's sensitivity to temperature fluctuations, which impact its
mechanical and rheological characteristics, is known as the binder's
temperature susceptibility. This is a crucial feature since it affects bitumen's
performance on pavements, particularly in different climates. Bitumen softens,
loses viscosity, and becomes more vulnerable to rutting (permanent
deformation) at high temperatures. Bitumen becomes more brittle and stiffer at
low temperatures, increasing its vulnerability to thermal cracking. Bitumen's
resistance to rutting at high temperatures and thermal cracking at low
temperatures is directly impacted by temperature susceptibility. Bitumen's
temperature susceptibility is increased by adding materials like polymers,
crumb rubber, and other modifiers, which make it more resistant to both high

and low temperatures. Figure 4.3 displays the temperature sensitivity of plain

Chapter 4: EXPERIMENTAL INVESTIGATION AND RESULT 91



60/70 and modified bitumen (PMB & CRMB). Appendix A-1 displays the

penetration value (ASTM D 5) of different bitumen at various temperatures.
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Fig. 4.3 Temperature Susceptibility of Various Binder

From the Fig. 4.3, when compared to unmodified bitumen, it has been found
that polymer modified bitumen (PMB) and crumb rubber modified bitumen
(CRMB) are less susceptible to temperature changes. This indicates that
modified bitumen improves the bituminous mix's longevity and performance in
pavement construction by decreasing thermal cracking and acting as a better

binder. CRMB exhibits the best performance among modified bitumen.

4.2.6.2 Viscosity-Temperature Relationship of Binders

The Viscosity-Temperature Susceptibility (VTS) indicates the change in
viscosity of the bitumen binder with temperature. Bitumen become less viscous

(thinner) as temperature increases, while they become more viscous (thicker) as

Chapter 4: EXPERIMENTAL INVESTIGATION AND RESULT 92



temperature decreases. The viscosities in Pa-s at different temperatures (°C)
have been measured in the laboratory for both modified and unmodified
bitumen to find the mixing and compaction temperatures of hot mix asphalt
(HMA) for pavement construction. The viscosity vs. temperature relationship
for Neat 60/70, PMB and CRMB binders are shown Fig. 4.4. The viscosity of

Various Bitumen at Different Temperatures are shown in Appendix A-2.
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Fig. 4.4 Viscosity vs. Temperature Relationship of Various Binder

According to ASTM D 6926, the mixing and compaction temperatures for
various binders found from the Fig. 4.4 (Viscosity - Temperature Relationship of

Various Binder) which are shown in Table 4.3.

Table 4.3 Mixing and Compaction Temperature of Various Binders

. Temperature (°C) Range of HMA, ASTM D 6926
Binder Name . .
Mixing Compaction
Neat 60/70 Bitumen 150 - 160 135 -145
PMB 175 - 180 160 - 170
CRMB 165 -175 150 - 160
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4.3 MARSHALL METHOD OF BITUMINOUS MIX DESIGN

Among the five developed mix design methods, the Marshall Test is
popular worldwide. Because of its simplicity and cost-effectiveness,
performance predictability, standardization by ASTM D 6927 & AASHTO T 245
and global use it is a widely accepted and simple method for evaluating the
strength and durability of asphalt mixtures used in road construction. In this
investigation, 4%, 4.5%, 5%, 5.5%, 6%, and 6.5% by weight of binder content for
both neat 60/70, PMB and CRMB have been applied to prepare the bituminous
samples. The mechanical properties of these samples have also been
determined. The work progress during preparation of bituminous mix and

Marshall samples are shown in Fig. 4.5 and Fig. 4.6 respectively.

Fig. 4.5 Preparation of Bituminous Mix Fig. 4.6 Marshall Samples before

Testing

4.3.1 Determination of Marshall Properties

The Marshall test procedure has been followed to determine the Marshall
properties of the samples prepared by both neat and modified bitumen. The
bulk specific gravity, air voids (%), voids in mineral aggregate (VMA, %), voids
tilled with asphalt (VFA, %) have been calculated by the equations described in

the article 3.7.3. The stability and flow test are conducted using a Marshall
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Stabilometer (also known as a Marshall Test Apparatus), which applies load to

a compacted asphalt specimen as shown in Fig. 4.7.

Fig. 4.7 Marshall Stability & Flow Testing

4.3.1.1 Marshall Properties and OBC for Neat 60/70 Bitumen

In this investigation, Marshall tests have been conducted in the
laboratory for Neat 60/70 Bitumen to obtain the results of Marshall parameters.
The results of Marshall parameters are shown in Table 4.4. The details of
laboratory test data and determination of Marshall properties of the samples
prepared by neat 60/70 bitumen at various binder contents are shown in

Appendix B-1.

Chapter 4: EXPERIMENTAL INVESTIGATION AND RESULT 95



Table 4.4 Marshall Properties for Neat 60/70 Bitumen

Bitumen | Bulk Spec. | Air Voids, | VMA VEB (%) Stability Flow
Content (%) | Gravity Va (%) (%) (kN) (mm)
4.0 2.38 6.11 13.25 53.91 17.48 1.51

4.5 2.39 4.99 13.34 62.61 18.31 1.67

5.0 2.40 3.87 13.43 71.18 21.11 2.92

5.5 2.39 3.56 14.24 74.97 17.30 4.05

6.0 2.38 3.27 15.03 78.27 16.50 5.77

6.5 2.37 2.87 15.89 81.94 15.00 7.80

The test results of various Marshall properties i.e., Stability, Flow value, Bulk

density, % Air void, Void in mineral aggregate (VMA), Void filled with asphalt

(VFA) found from experimental analyses are then plotted in graphs against

different bitumen content as shown in Fig. 4.8.
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Fig. 4.8 Marshall Test Property Curves for Hot Mix Asphalt by 60/70 Bitumen

The Optimum Bitumen Content (OBC) has been determined at 4% air void from

the Air void Vs. Bitumen content graph of Fig. 4.8. The OBC for neat 60/70

bitumen has been found 5.05%.
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4.3.1.2 Marshall Properties and OBC for Polymer Modified Bitumen

In this investigation, Marshall tests have been conducted in the
laboratory for Polymer Modified Bitumen (PMB) to obtain the results of
Marshall parameters. The results of Marshall parameters are shown in Table
4.5. The details of laboratory test data and determination of Marshall properties
of the samples prepared by polymer modified bitumen (PMB) at various binder

contents are shown in Appendix B-2.

Table 4.5 Marshall Properties for Polymer Modified Bitumen

Bulk
Bitumen Air Voids, | VMA Stability Flow
Spec. VEB (%)
Content (%) ) Va (%) (%) (kN) (mm)
Gravity
4.0 2.37 6.69 13.62 50.85 14.80 2.05
4.5 2.39 5.27 13.34 60.51 15.60 3.11
5.0 2.40 4.14 13.43 69.18 16.20 3.52
5.5 2.40 3.42 13.88 75.38 13.26 4.61
6.0 2.39 3.10 14.68 78.85 14.22 5.18
6.5 2.39 2.28 15.18 84.98 11.86 5.15

The test results of various Marshall properties i.e., Stability, Flow value, Bulk
density, % Air void, Void in mineral aggregate (VMA), Void filled with asphalt
(VFA) found from experimental analyses are then plotted in graphs against

different bitumen content as shown in Fig. 4.9.
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Fig. 4.9 Marshall Test Property Curves for Hot Mix Asphalt by PMB

The Optimum Bitumen Content (OBC) has been determined at 4% air void from

the Air void Vs. Bitumen content graph of Fig. 4.9. The OBC for PMB has been

found 5.10%.
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4.3.1.3 Marshall Properties and OBC for Crumb Rubber Modified Bitumen

In this investigation, Marshall tests have been conducted in the laboratory for Crumb
Rubber Modified Bitumen (CRMB) to obtain the results of Marshall parameters. The
results of Marshall parameters are shown in Table 4.6. The details of laboratory test data
and determination of Marshall properties of the samples prepared by crumb rubber

modified bitumen (CRMB) at various binder contents are shown in Appendix B-3.

Table 4.6 Marshall Properties for Crumb Rubber Modified Bitumen

Bulk
Bitumen Air Voids, | VMA Stability Flow
Spec. VEB (%)
Content (%) . Va (%) (%) (kN) (mm)
Gravity
4.0 2.35 7.72 14.35 46.21 14.33 2.15
4.5 2.37 6.23 14.07 55.74 18.73 2.37
5.0 2.39 4.73 13.79 65.70 18.46 3.16
5.5 2.40 3.63 13.88 73.82 16.32 4.25
6.0 2.40 2.94 14.32 79.47 11.21 5.08
6.5 2.39 2.55 15.18 83.22 10.78 6.44

The test results of various Marshall properties i.e., Stability, Flow value, Bulk
density, % Air void, Void in mineral aggregate (VMA), Void filled with asphalt
(VFA) found from experimental analyses are then plotted in graphs against

different bitumen content as shown in Fig. 4.10.
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Fig. 4.10 Marshall Test Property Curves for Hot Mix Asphalt by CRMB

The Optimum Bitumen Content (OBC) has been determined at 4% air void from

the Air void Vs. Bitumen content graph of Fig. 4.10. The OBC for CRMB has

been found 5.30%.
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4.3.2 Validation of Marshall Properties for Various Binders

The Marshall test samples are prepared using Marshall compaction
method for heavy traffic road i.e., applying 75 blows on each side. It is essential
to verity the Marshall properties of bituminous samples because these
properties directly influence the performance and durability of asphalt mixes
used in road construction. In this investigation, further, Marshall test samples
have been prepared in the laboratory using optimum binder content (OBC) of
Neat 60/70, CRMB and PMB to verify their Marshall properties with the pre-
evaluated test results at OBC obtained from respective graphs. The comparative
statement of test findings for both the neat and modified bitumen is shown in

Table 4.7. The detail calculations are shown in Appendix B-4.

Table 4.7 Comparison of Marshall Properties at OBC for Various Binder

Marshall
Criteria (Heavy

Neat 60/70 @ PMB @ 5.10% CRMB @ 5.30% Traffic, 75

5.05% OBC OBC OBC
Blows on each
Marshall face)
Properties
From From From | As per
From ... | From s From i As Per
Grach Verific Graoh Verific Grach Verific | MS-2, RED
P ation p ation P ation 2014
.. ) Min.
Stability, kN | 19.20 | 17.80 | 15.50 | 15.37 17.40 17.11 | Min. 8 10
Flow,
3.00 3.80 3.90 3.98 3.70 3.96 2~4 3~4
0.25mm

Air Voids (%) | 4.00 3.80 4.00 3.93 4.00 3.96 3~5 3~6

Min. Min.

VMA (%) 13.80 | 13.36 | 13.60 | 13.34 13.85 13.62 13 13

VEA (%) 70.50 | 71.55 | 72.00 | 70.52 73.00 7091 | 65~75 | 65~80

Bulk Density,

gm/cc 2.395 | 2400 | 2.398 | 2.402 2.396 2.399 - -
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The value of all Marshall parameters i.e., Stability, Flow, Bulk Density, %Air
Voids, %VFA, %VMA for modified and unmodified bitumen are satisfy the
criteria specified in MS-2, 2014 and RHD specification. The results of Marshall
parameters for bituminous mixes produced at OBC show a variation of no more
than +10%. Therefore, it can be concluded that, OBC’s of bitumen determined
from respective graphs are acceptable. These OBC’s in bituminous mixes
provide an optimal balance between durability, flexibility, resistance to

cracking, and stability.

4.4 BITUMINOUS MIX PERFORMACE

Bituminous samples are tested for moisture susceptibility test, which is
also called the water sensitivity test, to see how well they can handle the
damage that water can do. A bituminous mixture's sensitivity to moisture is
commonly evaluated using performance tests known as the Retained Marshall
Stability (RMS) and Tensile Strength Ratio (TSR) Indirect Tensile Strength (IDT)
of both conditioned and unconditioned samples.

* The retained Marshall Stability refers to the percentage of stability of a
sample that has been conditioned in a water bath at 60°C for 24 hours,
compared to that of the unconditioned sample. A greater retained
stability denotes that the hot mix asphalt is less prone to moisture.

* Additionally, the Indirect Tensile Strength is measured for both
conditioned and unconditioned samples to assess the Tensile Strength
Ratio (TSR). The TSR represents the ratio of the tensile strength of the
conditioned sample to that of the unconditioned sample. With a higher
TSR grade, the likelihood increases that the combination will function
effectively and resist water damage.

The arrangement of samples in water bath for water curing are shown in Fig.

4.11.
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Fig. 4.11 Curing of Bituminous Samples in Water Bath

4.4.1 Retained Marshall Stability

The Retained Marshall Stability of Marshall specimens are measured in
the laboratory according to ASTM D 1075 following a 24-hour curing period in
a water bath set at 60°C. Three samples are stored for 24 hours in a water bath at
60°C, while the other three samples are kept at room temperature. After being
gone through standard stability test of each mould, the results of Marshall
Stability are then averaged. The results of retained stability of bituminous
samples prepared from both neat bitumen and modified bitumen are shown in
Table 4.8. The detail calculations are shown in Appendix B-4.

Based on the results shown in Table 4.8, it can be concluded that the retained
Marshall stability of all bituminous mixes comprising of both neat and modified

bitumen is satisfactory. The samples using PMB performs with highest retained
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stability, and CRMB shows the result of retained stability higher than

conventional bitumen. Higher retained stability of bituminous surface indicates

Table 4.8 Retained Stability of Various Bituminous Mixes

Unconditioned Conditioned Standard
Sample Sample Value (%)
Name Retained | AASHTO
Sample .
of . Avg. . Avg. Stability T 165,
) No. Stability o Stability .
Bitumen (kN) Stability (kN) Stability (%) ASTM D
(kN) (kN) 1075 &
RHD
1 16.77 12.96
60/70 2 18.84 17.80 14.76 14.07 79.05
3 17.79 14.48
1 13.78 14.23
PMB 2 16.95 15.37 13.47 14.23 92.58 >75
3 15.38 14.97
1 17.94 16.26
CRMB 2 16.28 17.11 15.45 16.25 94.97
3 17.10 17.04

its better resistance to moisture damage (stripping), withstand traffic loads
leading less rutting or deformation under heavy traffic, especially in high-
temperature conditions, resistance to other distresses leading to better overall

serviceability and user satisfaction. Among the

4.4.2 Indirect Tensile Strength

One indirect indicator of a flexible pavement's resilience to rutting issues
and lower temperature cracking is its indirect tensile strength (IDT). The ASTM
D 6931 specification is followed when performing this test in a lab. To assess the
tensile properties of bituminous mixtures, a Marshall specimen is loaded along
a diametric plane with a compressive force at a constant rate. This force acts
parallel to and along the vertical diametrical plane of the specimen via two

opposing loading strips. The compressive load indirectly creates a tensile load
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in the horizontal direction of the sample. The peak load is recorded to obtain
the indirect/split tensile strength. The tensile strength ratio (TSR), according to
ASTM D 4867, has been determined from tensile strength of conditioned sample
and unconditioned sample. The TSR of bituminous samples from both neat
bitumen and modified bitumen are shown in Table 4.9. The detail calculations

are shown in Appendix B-5.

Table 4.9 Tensile Strength Ratio of Various Bituminous Mixes

Unconditioned Conditioned Standard
Sample Sample ) Value (%)
Tensile
Name ASTM D
Sample | Indirect Indirect Strength
of Avg. Avg. . 6931,
) No. Tensile Tensile Ratio,
Bitumen Strength Strength ASTM D
Strength Strength TSR (%)
(kPa) (kPa) 4867 &
(kPa) (kPa)
RHD
1 1291 1162
60/70 2 1488 1390 1254 1164 83.80
3 1391 1077
1 1404 1416
PMB 2 1561 1482 1383 1399 94.35 >80
3 1481 1397
1 1336 1317
CRMB 2 1419 1378 1382 1284 93.24
3 1380 1154

According to the standard criteria specified in ASTM D 6931, ASTM D 4867 and
the RHD specifications, the tensile strength ratio (TSR) of all bitumen mixes
shown in Table 4.9 are acceptable. The samples having modified bitumen show
higher TSR value and among the three type bitumen, polymer modified
bitumen performs best. The TSR value is used to assess the moisture
susceptibility of an asphalt mix i.e., its ability to resist damage from water
infiltration. The bituminous mix is more resistant to moisture damage when its

TSR value is higher. Specifically, it means the asphalt maintains a high
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percentage of its strength even after being exposed to moisture. This implies

that the mixture is resilient and less prone to problems like stripping.

4.4.3 Moisture Induced Damage

According to AASHTO T 283 the indirect tensile strength (IDT) is
determined for conditioned and unconditioned sample to determine tensile
strength ratio (TSR). Bitumen with a higher TSR value exhibits greater
resistance to moisture-induced damage, including that caused by freezing and
thawing conditions. The TSR of bituminous samples having freezing thawing
condition from both neat bitumen and modified bitumen are shown in Table
4.10. The detail calculations are shown in Appendix B-6.

According to the standard value given in ASTM D 6931 and the RHD
specification, the tensile strength ratio (TSR) of all bitumen mixes shown in

Table 4.10 are acceptable.

Table 4.10 Tensile Strength Ratio of Various Bituminous Mixes having

Freeze - Thaw Action

Unconditioned Conditioned Standard
Sample Sample Tensile | Value (%)
Name
Sample | Indirect Indirect Strength | AASHTO T
of _ Avg. . Avg. ,
_ No. Tensile Tensile Ratio, 283 ASTM
Binder Strength Strength
Strength Strength TSR (%) | D 6931 &
(kPa) (kPa)
(kPa) (kPa) RHD
1 1045 963
60/70 2 1035 1040 749 864 83.08
3 1041 881
1 1116 1030
PMB 2 1138 1127 1077 1015 90.06 >80
3 1126 938
1 1001 882
CRMB 2 970 986 949 914 92.70
3 987 911
Chapter 4: EXPERIMENTAL INVESTIGATION AND RESULT 107




4.5 CONCLUDING REMARKS

The following findings can be stated from the experimental investigations:

All testing standards have been correctly maintained throughout the
experiment. The standard temperature has been maintained during
mixing and compacting asphalt. The temperature of the water bath is
also maintained properly as directed in ASTM, AASHTO specifications.
The modified bitumen has been found to be less sensitive to moisture
and temperature changes than clean 60/70 bitumen. It offers the
following benefits: fatigue resistance to avert fatigue damage over time
due to repeated traffic loads; enhanced crack resistance to endure stress
and strain resulting from temperature changes or repeated loading;
improved rutting resistance to resist permanent deformation under
heavy traffic loads; and self-healing properties that gradually restore
minor cracks and deformations.

Furthermore, it reduces the likelihood of water-related damage like
ravelling or potholes by guaranteeing that bitumen will stick securely to
the aggregates and resist water penetration.

The properties of Marshall samples using 60/70 bitumen, PMB & CRMB
have been determined for different bitumen content ranging from 4.0%
to 6.5% at intervals of 0.5%. The optimum bitumen content (OBC)’s of
neat 60/70 bitumen, PMB & CRMB have been determined at 4% air voids,
which are 5.05%, 5.10% & 5.30% respectively.

The value of Marshall parameters i.e., Stability, Flow, Bulk Density, %Air
Voids, %VFA, %VMA at OBC of modified (PMB & CRMB) and
unmodified (60/70) bitumen have been satisfied the specifications

specified in asphalt institute (MS-2, 2014) and RHD specifications. The
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bituminous mixes produced at OBC have Marshall stability statistics that vary
by no more than +10%.

e The maintained Marshall stability and tensile strength ratio (TSR) results of
water sensitivity studies of several bituminous mixtures have met the
requirements outlined in AASHTO T 165, AASHTO T 283, ASTM D 6931, and
RHD specifications. The results of modified bitumen (PMB & CRMB) are
superior to those of neat bitumen, with CRMB demonstrating the greatest
performance in the test for moisture-induced damage.

* Based on all the investigation results, it can be concluded that Crumb
Rubber Modified Bitumen (CRMB) is the best binder in flexible
pavement construction as it offers the best performance, durability,

stability and longer service life in an economical manner.
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Chapter 5:  COST ANALYSIS OF ASPHALT MIX

This chapter begins with a general (section 5.1) discussion on cost analysis of
asphalt mix. Section 5.2 constitutes a cost comparison of asphalt mixes using various

bituminous binders. Finally, summary of this chapter concludes in section 5.3.

5.1 GENERAL

This chapter covers the outcomes of the various experiments and the
laboratory activity. Polymer modified bitumen and neat 60/70 bitumen have
been collected. Waste crumb rubber (CR) has also been collected and blended
with neat 60/70 bitumen to prepare crumb rubber modified bitumen. Both the
neat and modified bitumen have been used to make Marshall mix. The physical
properties and optimum bitumen content of bituminous mix prepared by neat
60/70 bitumen, PMB and CRMB have been determined. Water sensitivity of
various bituminous mixes have also been analysed. Eventually, cost analyses
involved in production of bituminous mixes and construction of flexible
pavements using different binders are required to be conducted to determine

the suitable binder.

5.2 COST COMPARISON OF ROAD PAVEMENT

Beside the mechanical properties of bitumen, Marshall properties of HMA
and water sensitivity analyses of bituminous mix, a cost comparison of per unit
(1 Cum.) bituminous mix is necessary to identify a suitable bitumen in terms of
cost-effective binder for more sustainable construction of road pavement. The

primary goal of cost analysis of asphalt mixes is to choose the most cost-
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effective option for pavement design, and construction in terms of their
performance, durability, and sustainability factors. The material costs, labor and
equipment cost for production and site compaction of HMA have been
considered for evaluating cost of unit (1 Cum.) asphalt concrete for both neat
bitumen and modified bitumen. The wunit rates of required materials,

production of HMA and compaction of asphalt mix are shown in Table 5.1.

Table 5.1 Unit Rate of Materials, Production and Compaction of HMA

Rate
Type of Item Item Description Unit Reference
(BDT)
Coarse A te (25 ~ Table 3.4, BBS, -
ggregate ( 1 cft 13 able Jun
4.75mm) 24
Fine Aggregate (4.75 ~ Current Market
1 cft 65
0.075mm) Price
Material ' ' Table 3.4, BBS, Jun-
Filler (0.075mm passing) 1 cft 14 o4
) ) Bangladesh
Conventional Binder (60/70 1
. 76,000 | Petroleum
Neat Bitumen) M.ton )
Corporation, Jun-24
, Bashundhara Oil
Modified Binder (PMB) Mt 110,000 | and Gas Company,
.ton
Apr-24
) Local Market,
i Crumb Rubber (passing .
Material . 1kg 60 Chittagong,
0.30 mm sieve) ) )
Price: Appendix C
Blending of CR for
] » Based on Laboratory
Preparation of Modified 1kg 50
) Work (assumed)
Binder (CRMB)
Current Market
Production& | Equipment Cost 1 cum 660 Pri
rice
Compaction
Current Market
of HMA Labor Cost 1 cum 105 i
Price
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5.2.1 Requirement of Materials as per Job Mix Formula (JMF)

According to JMF, the materials required for the preparation of 1 Ton
bituminous mixes by 60/70 penetration grade, PMB & CRMB binders have been

presented in Table 5.2.

Table 5.2 Material required for Various Mixes as per JMF prepared with

Various Binders

Binders
Materials per Ton HMA
60/70 PMB CRMB
Coarse Aggregate (kg) 476 476 475
Fine Aggregate (kg) 428 427 427
Filler (kg) 48 48 47
Binder (kg) 48 49 51

5.2.2 Quantity of Materials Required for 1 Cum Bituminous Mixes

The required quantity of materials for the production of 1 Cum. of

various bituminous mixes have calculated on the basis of JMF and presented in

Table 5.3.

Table 5.3 Materials Required for 1 Cum. Bituminous Mixes

Bituminous Mixes Prepared with
Materials per Cum. (Unit Weight =2.41 Cum/Ton)
60/70 PMB CRMB
Coarse Aggregate
1.147 1.147 1.145
(M.ton)

Fine Aggregate (M.ton) 1.031 1.029 1.029

Filler (M.ton) 0.116 0.116 0.113
CR (kg) 8.61

Binder (M.ton) 0.116 0.118

60/70 (M.ton) | 0.123
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5.2.3 Cost Comparison of Different Bituminous Mixes

The neat 60/70 bitumen, PMB and CRMB are used as binder for

preparation of three different types of bituminous mixes accordingly and an

estimation has been made for 1 cum bituminous concrete to constitute a cost

comparison among them. The cost of HMA’s using various binders are shown

in Table 5.4.

Table 5.4 Cost of Various Bituminous Mixes per Cum. using 60/70, PMB &

CRMB Binders

Bituminous Mixes Prepared with

Rate 60/70 PMB CRMB
Materials Unit
(BDT) Cost Cost Cost
Qty. Qty. Qty.
(BDT) (BDT) (BDT)
Coarse
M.ton | 7,520 1.147 | 8,625 | 1.147 | 8,625 | 1.145 | 8,610
Aggregate
Fine
M.ton | 1,430 1.031 1,474 | 1.029 | 1,471 | 1.029 | 1,471
Aggregate
Filler M.ton | 308 0.116 36 0.116 36 0.113 35
Binder (60/70) | M.ton | 76,000 | 0.116 | 8,816 - - 0.123 | 9,348
Binder (PMB) | M.ton | 110,000 - - 0.118 | 12,980 - -
CR kg 60 - - - - 8.61 517
Equipment Cum 660 1 660 1 660 1 660
Labor Cum 105 1 105 1 105 1 105
Total Cost (BDT/Cum) of
19,716 23,877 20,746
Asphalt Mix:
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5.2.4 Cost - Benefit Analysis
From the above cost comparison of HMA shown in Table 5.4, using
various binders, a cost — benefit analysis has been constituted as shown in Table

5.5 to identify the suitable binder in pavement construction.

Table 5.5 Cost - Benefit Analysis of Various Bituminous Mixes

For Binders
Item Description

Neat 60/70 PMB CRMB
Construction Cost (BDT/Cum.) 19,716 23,877 20,746
Cost Increment (%) w.r.t. 60/70

- 17.22 5.22

Bitumen
Temperature Susceptibility High Medium Low
Moisture Susceptibility High Low Low
Performance & Durability Low High High
Sustainability (based on test results) Low High High

From the Table 5.5, it appears that cost of bituminous mix using modified
bitumen become little bit higher than the neat 60/70 bitumen. It indicates the
production cost get increased while using modified bitumen. However,
modified bitumen shows much better performance and durability, not as
sensitive to temperature and moisture as neat 60/70 bitumen which can be
described as below:

* Temperature susceptibility of modified bitumen refers to the degree to
which its physical properties, such as penetration, viscosity and stiffness,
change with variations in temperature. Unlike 60/70 penetration graded
bitumen, which becomes brittle at low temperatures and softens
excessively at high temperatures, modified bitumen, incorporated with
modifier like SBS or crumb rubber, exhibits improved thermal stability.

These modifiers reduce the bitumen’s sensitivity to temperature
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fluctuations, resulting in better resistance to rutting in hot conditions and
cracking in cold climates which in turns reduces maintenance and
rehabilitation needs of pavements. Consequently, modified bitumen
ensures enhanced performance and durability of pavements under a
wide range of environmental conditions, making it particularly suitable
for regions with significant temperature variations.

* Moisture susceptibility of modified bitumen refers to the binder’s
resistance to moisture-induced damage, which can significantly impact
the durability and performance of asphalt pavements. Modified bitumen,
enhanced with additives such as polymers or crumb rubber, generally
exhibits improved resistance to moisture damage compared to
unmodified binders. This improvement is attributed to the modified
binder’s better adhesion to aggregates and reduced permeability, which
help prevent the stripping of the binder from the aggregate surface
under wet conditions. A lower susceptibility ensures longer pavement
life, reduced maintenance costs, and better performance under adverse
environmental and traffic conditions.

* Modified bitumen exhibits enhanced performance and durability
compared to conventional bitumen, making it highly suitable for modern
pavement applications. By incorporating polymers such as SBS (styrene-
butadiene-styrene), crumb rubber modified bitumen gains improved
resistance to deformation, fatigue, and thermal cracking. This leads to
better load-bearing capacity and longer service life, even under heavy
traffic and extreme weather conditions. Its superior elasticity and
flexibility allow pavements to withstand temperature fluctuations
without deteriorating quickly. Additionally, modified bitumen enhances
moisture resistance and reduces rutting and aging, resulting in reduced

maintenance needs and overall lifecycle cost. These attributes make it a
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preferred choice for high-performance and sustainable road

infrastructure.
Thus, the asphalt pavement has a longer lifespan because asphalt mixes
including modified bitumen are better able to withstand rutting, low
temperature cracking, early aging and moisture induced stripping. Despite high
initial cost of construction of flexible pavements using modified binders,
because of its enhanced properties providing extended service period, modified
bitumen may be a good choice as binder material for bituminous surface of the
pavement. Out of two modified binders, CRMB exhibits lower cost in
construction of bituminous surface and promotes sustainability by using waste
material (CR) from the environment and conserving resources. Thus, CRMB
might serve as an appropriate binder for constructing sustainable flexible

pavements.

5.3 CONCLUDING REMARKS

The following findings can be stated from the cost analysis of asphalt mix:

* From the cost analysis of bituminous mixes in flexible pavement
construction, it has been identified that production costs of asphalt
concrete having PMB and CRMB are increased by 17.22% and 5.22%
respectively with respect to neat 60/70 penetration grade bitumen.

e Although the cost of construction is higher, asphalt pavements by
modified bitumen are more durable and sustainable due to their
enhanced performance. The pavement surface built with modified

bitumen has a longer life span than neat bitumen.
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Chapter 6: CONCLUSION AND
RECOMMENDATION

As outlined in the preceding chapters, please add a paragraph summarizing the
chapter’s structure at the beginning. Structure the chapter according to the study’s
objectives and the theoretical framework. Section 6.1 is the general discussion about this
chapter. Previous chapter-based conclusions are shown in section 6.2 and section 6.3
represents the summary of conclusions. Finally, section 6.4 shows the limitations of the

research and section 6.5 shows the recommendations for further study.

7.1 GENERAL

It is clear from the previous chapters that modified bitumen can
significantly be utilized to construct pavement for high volume roads. The
resources and methodology used for this inquiry are covered in Chapter 3. The
results of various tests that are conducted in laboratory are displayed in
Chapter 4. In chapter 5 an economic analysis is covered through the
comparison among the costs associated with production, laying and
compaction of various bituminous mixes. This chapter concludes by offering
general conclusions about the work and making some suggestions for how to

expand the future reach of this investigation.

7.2 CONCLUSIONS

An attempt has been made to improve the bitumen quality by mixing
modifiers with the neat bitumen in order to reduce the imperfections in the

roads, as conventional bituminous pavements in Bangladesh suffer from a
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variety of flaws and are particularly susceptible to traffic loads, moisture
damage, and temperature changes. Bangladesh produces a large quantity of
non-biodegradable waste tires annually as a result of the country's fast growing
automobile population, which poses a threat to the environment. Reclaimed
crumb rubber (CR) has been gathered in order to combine it with regular
bitumen to create Crumb Rubber Modified Bitumen (CRMB), which is
environmentally friendly. In addition to CRMB, Polymer Modified Bitumen
(PMB), which is used extensively throughout the world, has also been
considered for further research as modified bitumen. The mechanical properties
of various binders, Marshall properties and water sensitivity analyses of
various bituminous mixes have been conducted to assess the efficacy and

suitability of modified binder for flexible pavement construction in Bangladesh.

Based on the investigations and results presented in the previous chapters, the

following conclusions have been reached.

From the methodology chapter, the following conclusions can be drawn:

* An experiment specific work flow diagram has been established by
which all the laboratory investigations are to be conducted to get
necessary outcomes.

e ASTM & RHD specification of aggregate gradation for the bituminous
surface course has been used in this investigation. An aggregate
gradation chart is developed based on the specifications.

* The source of coarse and fine aggregates were Dubai, U.A.E and Sylhet,
Bangladesh respectively. The aggregates are collected from Materials
Laboratory of CUET.

* The stone dust was collected from the stone crusher of a government

road project named “SASEC, Dhaka Sylhet Corridor Road Investment
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Project” under Roads and Highways Department. The source of boulder
stone using in crusher mill was from Meghalaya, India.

* The source of conventional 60/70 bitumen and polymer modified
bitumen were Eastern Refinery Ltd. Chittagong and Dubai, U.A.E
respectively. For this investigation, 60/70 penetration grade bitumen has
been collected from Transportation Laboratory of CUET and The
polymer modified bitumen (SBS PMB PG 70-40) has been collected form
the bituminous surface treatment project named “Performance Based
Operation of 4-Lane Dhaka-Chattogram National Highway (N1),
Cumilla Part, Daudkandi to Dhumghat Bridge (Ch. 39+267Km to
165+183Km)” under Roads and Highways Department (RHD)

e The waste crumb rubber has been collected from tire retreading shop
located at Kadamtali, Chattogram. For the preparation of crumb rubber
modified bitumen (CRMB), neat 60/70 bitumen has been blended with
waste crumb rubber powder that passes through a No. 50 sieve (0.30
mm) at a rate of 7% by weight. This is another variant of modified
bitumen for the study.

* The Marshall method of bituminous mix design, which is one of the five
mix design methodologies that is most commonly used worldwide, has
been used to determine the Marshall properties, stability, flow, and

optimum binder content of asphalt mix.

From the experimental investigation chapter, the following conclusions can be

drawn:

e All testing standards have been correctly maintained throughout the
experiment. The standard temperature has been maintained during

mixing and compacting asphalt. The temperature of the water bath is
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also maintained properly as directed in ASTM & AASHTO
specifications.

* The mechanical characteristics of various binders indicate that modified
binders are less susceptible to moisture and temperature fluctuations
than 60/70 bitumen. They provide improved resistance to rutting,
thereby averting permanent deformation from heavy traffic loads;
enhanced resistance to cracking, capable of enduring stress and strain
from thermal fluctuations or repeated loading; fatigue resistance, which
stops fatigue damage from occurring over time due to repeated traffic
loads; and self-repairing characteristics that enable the healing of small
fractures and distortions as time passes. Moreover, it ensures that
bitumen adheres firmly to the aggregates and withstands water
intrusion, thus lowering the chances of water-related harm such as
ravelling or potholes.

* The Marshall properties of various bituminous mixes using 60/70
bitumen, PMB & CRMB have been determined for different bitumen
content ranging from 4.0% to 6.5% at intervals of 0.5%.

e The optimum bitumen content (OBC)’s of neat 60/70 bitumen, PMB &
CRMB have been determined at 4% air voids and which are 5.05%, 5.10%
& 5.30% respectively.

* For both modified and unmodified bitumen, the Marshall parameters
(i.e., Stability, Flow, Bulk Density, %Air Voids, %VFA, %VMA) at OBC
fall within the range given in MS-2, 2014, and the RHD specification. The
bituminous mixes produced at OBC have Marshall stability statistics that
vary by no more than +10%.

* The Retained Marshall stability and tensile strength ratio (TSR) of several
bituminous mixes in water sensitivity assessments have met the
requirements outlined in AASHTO T 165, AASHTO T 283, ASTM D

6931, and RHD specifications. When compared to neat bitumen,
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modified bitumen (PMB & CRMB) exhibits superior results. When it
comes to water-sensitive circumstances, CRMB outperforms the other

modified bitumen.

From the cost analysis of asphalt mix chapter, the following conclusions can be

drawn:

* From the cost analysis of bituminous mixes in flexible pavement
construction, it has been identified that production costs of asphalt
concrete having PMB and CRMB are increased by 17.22% and 5.22%
respectively with respect to neat 60/70 penetration grade bitumen.

Although the cost of construction is higher, asphalt pavements by modified
bitumen are more durable and sustainable due to their enhanced performance.
The pavement surface built with modified bitumen has a longer life span than

neat bitumen.

7.3 SUMMARY OF CONCLUSIONS

The following is a summary of all the chapter-based conclusions:

e In Bangladesh, flexible pavements using conventional 60/70 bitumen
show numerous types of defects in the roadway whereas CRMB reduces
the possibility of pavement distresses as it provides enhanced properties.

e Based on the water sensitivity analyses, bituminous mixes prepared with
CRMB achieves best performance which can be more sustainable in
water prone area.

e The use of recycled crumb rubber (CR) in modification of conventional
60/70 promotes sustainability by reducing waste from the environment

instead of looking for original sources.
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e Though, initial costs of bituminous mix using modified binders are
marginally high, yet it reduces the cost of repairs and maintenance of
pavements due to its higher performance, durability and longevity.
Crumb Rubber could be a cost-effective bitumen modifier as it is locally
available. It can be a suitable alternative in reducing construction time

and saving cost rather importing polymers.

Therefore, Crumb Rubber Modified bitumen (CRMB) is the suitable binder for
sustainable flexible pavement construction in Bangladesh as it has shown best
performance, durability, stability in comparison to both neat 60/70 bitumen and

Polymer Modified Bitumen (PMB).

7.4 LIMITATIONS

While investigating bitumen modification, especially in the context of
enhancing asphalt performance, the following limitations and challenges have

been addressed:

* In this investigation, among the various modifiers, only SBS polymer and
reclaimed CR as waste material were used for bitumen modification.

* The sieve No. 50 passed (0.30mm) particle size of waste crumb rubber
(CR) was used in this experiment as sufficient amount of finer particles
could not be gathered.

* A single percentage (7.0%) of CR was used for modification of
conventional 60/70 bitumen.

* A simple cost comparison among the bituminous mixes of various
binders was conducted where the Life Cycle Cost (LCC) analysis was

required to be extensively studied.

Chapter 6: CONCLUSION AND RECOMMENDATION 124



7.5 RECOMMENDATIONS

The following is a list of recommendations for further research:

* In this investigation, waste crumb rubber was used as a bitumen
modifier. Other waste materials should also be used for finding the
effects on the bituminous mix properties.

* In this case, a particle of crumb rubber (CR) that had gone through no.
sieve 50 size (0.30mm) was utilized only. Fine particles, which can pass
through no. sieve 100, 200 etc.,, could be used in future research.
Therefore, an appropriate and cost-effective grinding aid could be
developed to have finer CR.

e Although 7% crumb rubber was employed in this inquiry, different
percentages of CR could be used in future studies.

* A detailed life cycle cost analysis (LCCA) incorporating actual
maintenance and rehabilitation cost can be carried out to establish actual
net present value (NPV) of the bituminous mixes.

* Government should support bitumen modification with crumb rubber in
pavement construction. This would encourage additional research into

this topic.
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Appendices

Appendix A: [Test Data of Various Binders]

Table A-1: Penetration of Various Bitumen at Different
Temperatures (ASTM D §)

Penetration (0.1mm)
Temperature ("C)
Neat 60/70

e:a PMB CRMB

Bitumen
5 3 6 8
15 11 8 10
25 69 43 33
35 164 120 50

Table A-2: Viscosity of Various Bitumen (ASTM D 4402)

Neat 60/70 PMB CRMB
Temperature Viscosity | Viscosity | Viscosity | Viscosity | Viscosity | Viscosity

(cP) (Pa-s) (cP) (Pa-s) (cP) (Pa-s)
190°C 46.15 0.05 - -- - -
180°C 61.54 0.06 373.10 0.37 226.70 0.23
170°C 80.77 0.08 453.80 0.45 301.90 0.30
160°C 111.50 0.11 678.80 0.68 400.00 0.40
150°C 167.30 0.17 1150.30 L.15 721.80 0.72
140°C 253.80 0.25 1412.05 1.41 1146.00 L.15
130°C 409.60 0.41 1704.20 1.70 1484.20 1.48
120°C 705.80 0.71 1990.05 1.99 1771.50 1.77
110°C 1333.00 1.33 2281.10 2.28 2054.00 2.05
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[Test Data of Marshall Properties and Water

Appendix B

Sensitivity Analyses of Various Bituminous Mixes]

[k 8Tl 18T 0906y | 9911 | OFCL9 | <911 £
08L | 9€9 061 9%1 €80 £9°¢ v6'18 631 (8T 9v'€6 1 LET 9T 08776y | €911 | 0TO0L9 | 1911 t %059
w3 90°¢T 66T 09°88% | 8911 | O¥6L9 | L911 I
e 8791 134 0098% | T9TT [ 00GL9 | 0911 £
L | SL9 91 L9791 €60 90 LT8L £0¢I e e 9T 3ET 9T 08687 | 9STT | 0T999 | &CIT t %00'9
CF 9¢91 we 00%8Y | COTT | 00'I89 | +911 I
39°¢ ITLT 66T 0TSy | LSTT | 08TL9 | 9€TI ¢
Qo | LE¥ £l 5L91 01 L&Y Lo¥L Lo 9t 0CH6 8T 66T 6€T 086y | OSIT [ 0TOL9 | 6FII ¢
60¥ oLl 0we 00C8y | 9CTT [ 00BLO | SETI I
860 0L¢T €97 T
ITE et 8t 0vI8y | 6FIT | 09299 | §FTI
W67 | T 610c 911 80% 8TIL el 8t 6676 05T 0T 6€T 0T08y | TSTT [ 030L9 | 0611 t %o00s
I L1961 1e 08'8Ly | €STT [ OTHLY | TEII I
L1 8¥'LT 6ET OU'6Ly | +FIT | 06499 | EFII £
91 9T €31 9Ll £l 8ct 1979 PEET 66 Y] wt 66T 6t ¢ 0C8Ly | LFIT | 03899 | SHII t
ot 000C we 0908y | WEIT | OVELD | ECTI I
€1 691 8tT O8LLy | OFTT | 0TT99 | G6ETI ¢
16T | 061 CLl 81 el Lt 16°€S STel 19 66 ¢6 3y 8ET LET 088y | GFIT | 0TCT99 | EHII t %00'F
Ll il [ OV Ly | 8PTT | 090L9 | LPID I
WL+ - 90,101 wy] ; 2
ld; =b|s oye=d (300 1="m|y(E-1 =1| e-po1 =3 28 =qs e ja= -a=
X Lt 0z = & | /002 =B | %(001/) 0,007 =0 OLE-001="ED,00T=1| ©00=1 | =D | wmy |In=gsD | (Fw)quy |3 o=qmy | p-3=] o
b [ b d 0 u m I b { [ 1 q g 3 I 3 p 2 q e
0 (03/m3)
sdx(001/29d) - 1 S I -
204/ 50),350))/(qst (e 5 2eTEE X1 25155 by 203
.n_m =94 A.ﬁ_ D ouuﬁ D ﬂr.& d 59/(54.qmo) | wmsy (que) |nE 02 A Eu v .%ﬂ (o2ymm3) () - - o
(o) || 0D 00Zd=V1 | e rop | 0001=80 | ¥IA | " P T ey gqp | =50 ¥ [Pemamo) | jo ey | pamqmo) | pappedmo) | ¥y @) | (ms) | () apFaday
wopy | Oqoug | WJM . ‘oney o ,WM —mm 1 ufaBByjo | ).001=VAA 4 ...mwo & - e N JomRaRRg |Jo ey | ogmadg | o uein a panedmo)) | awnpopy . Mu =ep my oy w
Sy | (€} By Amges Jendsy ws u«s_w. Saw WET2A 210 Aq |perdsy pyin «Ez.: ‘4 =a| _m‘ (aw0ig) | ogwadg T agoadg | jo duern faggo lueln | yog _ﬁ..B @y (mog@ey | ONTS mamig
0} saur] ! Bm_uw_ﬁ v 1020534 1fedsy | PR[ILY SPIO h:,m _Mp PIATY % aeBanfdy | aamoagg |Eomasoayl | ymg  |ynedg g |apoads ypg ass v
s Pagiosqy tpoa afeIaAy

SISATRUY MO[ - AJIqeIS

SISATRUY PIO A - ANSUaQ

UYL (£/09 J¥aN Aq 332.10u0)) Jeydsy Jo sonaadorg [TeysIery ;- S[qeL

132

Appendices



L9¢ £9°01 [ 0T°08F | TOIT | 08189 1911 £
8 [y 9811 oot ¢80 3¢ 8678 8¢l 80T 9r'e6 v 6ET LET 09°L8F | 6STT | OV'1L9 3¢11 e
F9 ¥l 8e¢ 00°L8F | T9TT | 0019 0911 1
cee LTl LET 08°98F | 9CIT | 0T'699 ECT1 £
81¢ 9¢ [ray! LFel 96°0 16% C38L 89WI ore w6 L¥T 6ET e 09°LLF | OSTT | 0VTL9 6¥11 C
3 {321 6ET 09°F8F | 6CIT | OV LI 3¢11 1
L6t IFel 3ET 0FE8F | TEIT | 09899 0¢TT £
9% cLre 9TEl wer L1 'y 8gcL 83el vt 056 i T e 0T6LF | SCTT | 08619 FETT C
It CEel ¥ 09°9LF | OSTT | 0¥'€L9 kgt 1
FIT ILe €97 ¢
65F 6991 ¥ 09°8LF | ECTIT | OFFLO [
(43 Ligd 0T91 0T'LT 0T'T 133 8169 evel ¥y 6676 06T (10 68T 0008F | L¥TT | 00'L99 9¥1l ¢ %008
&t I8%1 ¥ 098LF | €STT | OV'HL9 [ 1
Cre cLel ¥ 00°8LF | ESTT |00°SL9 CET1 £
e 19¢ 09°c1 LEET 6E'1 e 1609 FEET LEe 6756 [y 6ET 6£C 09°0LF | FTIT |0FECH a ¢ %0sF
L[ 69°L1 8t¢ 0CI8F | wPIT |08°C99 erll 1
00¢ wel 8E¢ LF6LF | EFIT | £T°€99 t
S0¢ €81 08°F%1 L9¥1 Wl 6T cg0¢c 9el 699 666 T LET 9t¢ 168LF | OETT | 60°IC9 6011 0 %00
1€C £33 21 8e¢ 6L9LF | 9ETT | 1T659 FETT 1
WL oz =b | mGooroye=d| =0 P wenE o= w @001 -1| 001=1 | 0 wmy | 19=q) | (Bawqun | §/o=qmy | p-2=3 od
+X 1LF0T=X . Di001=0 | W01 =1 ’ .
p: | I b d o ° w 1 k! f ! 1 3 8 i 2 P 2 q e
9O (2/m)
sd«(001/29d) : q - - i .
2qd/ 50),350))(q8 (e - 2pedaId X1 EL-El Iy 22/ -
|n_m -qd=24d H.p D leﬁﬁw D ﬂmr.r.m d $/(sd.qme) | wmny (quey |£_ @2 5 SN 5V ¢ (99/tmE) (wd) ) )
(o) | | 0D \ 00TV | oy | 200012 | FIA | 2P ) ggp | WL |PameD)| jo fesy | pamqmo) | papedme) |y (=) w | & | @) apBadRy
mopq e oo ‘onEy o & ‘B go | ).00T=VAA | . ml — == Jomaasad |JoAmaey | omwadg | Jo A ) pajoedmoy | swmoy - REN my [0 T
BAY ol By s yendsy Mwuwwma.._mw H_M WM [EIo] Aq [Heqdsy s 3“;”__“&4 o N ”F (auoig) | agmadg W ogadg | Jo uern |aqijo Auemn|  ymg A Eu.—wB oy [magsey | ONTS ey
0} saulg ! dIqsy 1020334 1eydsy | paqig sprop [emy PIOA TV % Aefarddy | aanoagq |eomasoaql | ying  |egwedg ymg |ograds ying ass )
A paqiosqy TSP aBeraay

stsdreny aopg - Hmqes

sisdpeny proy - psuaq

(TN ) wsuImyrg parIpoTy JeurijoJ Aq 33a.10u0)) Jeydsy jo sanaadoag [reysiely :7-g [qEL

133

Appendices



134

¥CL 0TIl 8¢¢ 09°L8% | T9TT | OFEL9 | 0911 £
o 96°¢ 801 956 €80 LiS s 3I¢T 6T 9r'e6 re 6ET 68T 08¥8% | T9IT | 0T'9L9 | 6511 ¢ %089
&9 LETT Wi 08°C8% | 99IT | 0T039 | S9IT 1
106 L] 6T OV'e8F | FCIT | 09°0L9 | E£CIT £
30°¢ cre (a1 LLTT 960 ({34 L¥6L (A4 P6'T w06 L¥FT 0¥¢ e 08¢8F | BCIT | OTCLY | LEIT e
60 2 [ 00T8% | ¥91T | 00°T89 | €911 1
iy €06l W 0vT8F | 6SIT | 09°9L9 | B8SIT £
4y v £91 LL91 0T i [£:378 38¢l 9t 0S¥6 o¥ ¢ 0F¢T e 068LF | CCIT | OT9L9 | #EIT ¢
9% CTLT 8t ¢ 08%58% | LSIT | OTTLO | 9SIT I
AN IL¢ 89T €
3TE G60°LT 6ET 018F | ISIT | 06699 | OSIT
9Tt ire S'81 8£81 01 £6°C 0Lc9 6LET Ly 6616 16T 6ET 8ET 0v'e8¥ | OSIT | 09999 | 6FI1 ¢ %00
LTE 661 6EC 09187 | ¥EIT | OVTLY | EEIT I
36T 0E'LT 54 068% | evIT | OT'LE9 | TFIT £
LET e L81 €61 6e1 123 FLSG Ll €9 656 €67 LET 9€T 09F8F | LPIT | OVT99 | OFII C %08F
I£T C¥61 6T 0TTI8% | ESIT | 08'TLY 1611 1
€IC LEl 234 0T68% | OFIT | 08059 | 8eIl £
cre 0Tt £F1 ¥l LET £6°C 1ToF CEFI i 6656 6eT CET 9T 08%8F | LPIT | 0CT99 | CFIT ¢
60T Tet 9T 08'€8% | TPIT | 0T8O | TFIT 1
L0+ - 90,(T /(1 (] 2
d =b|3 joyre=d /(8- =1| -1 =3 = il jo= -2=
X 110z = & | 1002 =B Tu(001/02 0,001 =0 001 =1 YEDL001=1| ©00T=T | 250 wwn 19 =9s) | (Bae)quy | 3/o=quy |p-a=f ad
bl I b d o u w I ki r 1 q E 3 I 2 P 2 q e
; D« (29/m5)
20 &wﬁom_u..,sﬁc (9s0,250)/(qs0 | VIVA/(ed S0/ 1 ey | ey qd-001 |=wB2168y XN L Elora g b1y g (93/mE)
(wer) | (D N 00Td=V/1| . .UEHMM,H n__.mﬁ -250),001=q9d | -¥INA .p.u@.,c MM,__KM. .na.mm.vaoomw =sd XN |pamquio)| jo Auesn |paurquio)) | papoeduro)) N (29 (w3) (w3) apfosify
aopg no Armqerg fmaEs ‘oneyg R— 2efarEiy o | ).001=VAA ,w_cmwu S50 e N Jowmediad (joAmaemn| ogmads | Jo Anaein gy paroedmo) | wmnjop IR my [elo] w
Ry | 1 BAY s edsy :wuu_m m. :M”i“_« WER [0 Aq [Hendsy I - E_.u_?a _HEM :.“Mu | (euag) | ogmadg XeJ oqoadg | o Amern (aqjo Amaern | yog T wyBey [wgdey | NS g
0} 5201 1020134 Jeydsy | PI[ILY sproy e STV oeRarEdy | aamoegy | eomasoayl | yng  [oymadg yng |aymads ymg : o
T PaqIosqy o R . .ww_...a.ﬁu C °
SISATRTY MO[] - ANIqels SISA[eny projy - Qisuaq

(4TARTD) WUy PIIPOTN JaqqIY quInI) Aq 3)a.10u0)) Jeqdsy Jo senaadoag [eysIey :¢-g Sqe L

Appendices



9Tt YO'LT
6t | 08% cT9T | SFET
sgs | 9791
Lo oT'LT or'T OT'T8F | 8STT | 06°6L9 | 9STT
96€ | 08€ wer | sTor 971 ey 91’1 16°0L 79¢l 96'¢ 0LF6 LT 86+°T 3 66£T 0v'T 09°T8F | 6611 | 0V'9L9 | 8ETT
482 F6LT oFT 0T'E8F | 0911 | 08'9L9 | 65T1
It'9 161
¢ | ¥8F Ty
0s - €yl x
e 86T or'T 0T6LF | 0STT | 08°0L9 | 16T1
86 | €5€ L£61 | S69T 171 Wy P11 oL FEET €6°€ 06%6 LT 005°T €97 w0rT 0v'T 00'18% | ESTT | 007TLY | €STT
2 8L°€T T 07'08F | LST1 | 09'9L9 | 9€T1
9T'¢
6% | L6F LOFT | 9L¥T T | %sos m
LY 96°CT I
e 6L°LT 0T 00°GLE | 9PTT | 00'TLY | OFTT | € _ m
08¢ | €6€ 08°L1 | 881 0Tl ey 180 PEIL 9£°€T 08¢ 616 69T 67T 9T 00¥T 6£CT 00°9LF | 8%11 | 00TL9 | 6EIT | T | 9%E0°8 m
L9t LLOT i 00°9LF | LFTT | 00'TLO | 9¥TT | T =
wwwwm“w a__,mﬁn_ 1.(001/0)e =4 n_%h.%ﬂonm .avu_“%ua .w%_wﬁw /(30,001 =1 B001 =1 | D wig | 1p=9sp | (Bae)qup | F/o=qup |p-a=j] ad
A r b d ° u w I A f v q 3 3 I a P > |a e
3ms
24/ mmwﬂmﬂnﬁ__& *Smw*m_wwv__,smo VInA/(ed 5,..2;:&9 wmey (qug| 001 PSRV | AW | Ay ﬁw_:w (5o/m3) () .|
wa s | 0| M [ POTEEVA i ey | SD)<001=20d VIC -_u._:u.rﬂﬁ .s:.:_uroo_ =5 W | paiqmony | 3o Aausp) | pawiquio) | papdedue) A G gy 5| @) | sesemmzy 2 @
Mn”_m o ‘..“ﬂ.—um“m CM_.M_J_W Lmqws n___awm P—— ae3a138y jo MCM_un_w“H.dm—;..w ojeBaISEy —eg O jusdIag |jo Apariny um.muun_m Jo Apaeiny e.‘muwf pejoedmo)) | swmjop - rxw.%.:.. AU wZ oL w m m
¥ paurelay ¥ egdsy wERp 0L A4q | Neqdsy g - o, | (FUOIS) | ogwadg Xe] agadg | Jo Auery amgo Apaen| yng WERA |UBRM | TS -
opsamy 1774 sy maosag pedsy | papgspoy | Loav(\PRASY aegay | supag [onewanr|  ymg | oyweds g |geads g ass w4 g
aAmAgg paqIosqy upsproy aberaay % m.

sIsA[eny sofq - MMqels

SEAETY plo - Uit

(€91-1 OLHSVYV ‘uoneaynods (HY 19d se 0,6, "WiN)
SAXIT STOUTUIN)IY SNOLIE A 10] JFQ 1 (189 ] UoIsIaurmy) AIqe)S [[EYsIBTy pauleay g 2[qe L

135

Appendices



6TFSTT TSLoT 8TII 00°0T £6°¢ 06°s 009 06'¢ £
F8TI co'18¢el ol 0€ETT 00°0T 009 009 06's oroe [
90°LIET PrICTL PELI 0001 LBS 009 0L's Do's 1
rT'e6
L86LET c00€l 8TII 00°0T 0009 0009 oore 006°s £
8LET c8°8IvI TLEEl Il 00°0T 0009 0009 0009 0009 <
s19gel 959C1 FELI 0001 €09 00°9 00°9 0re 1
66'96€1 188T1 0€ETT 00°0T L8'C 06°¢ 08¢ 06'¢ £
G6ET 9T’ e8¢l 0Z8T1 LETT 00°0T 06°¢ 06°¢ 06's 06'¢ c
8 eIvrl 881¢€I EETI 00°0T £6°¢ 009 06's 06'¢ !
SE°F6
9e7I8¥ 1 300v1 [aay! 00°0T o9 009 01’9 s6'¢ £
T8FI ceE1oel rorl oF1l 0001 LO'S 009 009 Do's <
PO EOFL 6TCEl EETI 0001 009 019 06’ 009 1
8E€LLOT 9€001 8€ETT 00°0T £6'¢ 0079 06’ 06'¢ £ o
FOTI €C7€CTI CCLTI 0F11 00°0T LGS 0079 009 06'¢ [ %S0’ m.
LETOTT €LLOT PETI 00°0T 6’ 0079 06'¢ 08¢ ! . =
08°t8 =
96'06¢€T CLIET 0€TT 00°0T €09 009 01’9 00°9 £ fe =
=
06¢€l SE88FI LTOFL I€T1 00°0T 009 009 06's oro c %S0's m
0L706TI ¢9ITI 6ETI 00°0T 009 0079 019 06'¢ 1 =
I A t t q 3 £/(24+p+2)=7 2 P 2 q e
180 £ a n v
(o) @ “era =
(v0) ¥S1 (edy) 1,014/ d0007=1S 00 (ws) () 3 ssawyary L awsarssy| &, |
‘oney -.:m:?:m 1S .wzmam.:w (edy) |Isuang 4 ‘smpied 1 peo] Iy m w:w::umnw ON IS [eloL Ut m =
JQSUI L. a5eIaAY (ISR T 122I1pUT Jo s m g 2
uolsuawI(] suatrady : vl e
% S| =
Z
oy

(I£69 A LSV ‘€871 OLHSVYV ‘uonesgnadg qHY 12d se 9408 "ury)
SIXIJA] Shourumig snoLie A 10J DO ¢ (LD [ISu2.1§ 9[Isua I, }23aIpu] :S-¢ [qeL

136

Appendices



£8°016 898 00%C TLTT 8FIT YLOLY 000t L09 0z9 06°¢ 019 | £
¥i6 89°8¥6 cele 8TL EEVC 00°ST 6911 Il I¥et 9T LLY Sy 18y ooort 19 009 0ce 0T9 | T %0¢°s m
) 67788 LGE8 00T SLTT 1611 09 £L¥ ooort €09 9 009 066G 1T |
0u%6 10°L86 T5E0T Irit SB9LS 001t L9 are 009 019 | € =
936 ¥ 0Le 6676 SFIT S8'608 60 6LF ooort 0re 009 0re 0c9 | € %0€°¢ m
ST'1001 £8¥6 3381 09°€LF 0001 £09 019 | 009 009 (1T &
L6'LEG Sele 00%C 9911 kIl S698% 0001 0z9 0£'9 0£9 009 | €
SI0tl 9TLLOT ceent YU FL 0062 009¢ 1811 GSIT [AR33 1L18% 606/ ¥ 0001 01’9 09 01’9 009 | €
. 9T 0£01 TLB6 005T 0LTT SFIT 60°6LF 0001 019 Q19 | 079 009 (I
e 0£9Z11 6£L01 8FIT YL oLy 0001 109 06°¢ 01’9 0z9 | €
LZT1 T+8ETl 801 0STIT 5Ly YLOLY 0001 109 009 01’9 019 | €
CLCTTI 16901 CSIt 60'6LY 000t 019 09 009 019 | I
LL7088 368 009C 6911 £FIT YL9LY 000t L09 009 019 019 | €
+98 0z 6t i<l 9TCL 00°ST 00°ST 8911 £FIT Tee YoOvLY SFI8y 000t £19 009 0z9 0T9 | T %s0's m
- 0196 1,68 00%C 0911 9fTT YL Sov 000t £6°C 009 06°¢ 06¢ |1 - m
SEs 8L°0F01 06L01 CEIT 0T 0LS 001t 009 009 009 009 | £ o z
0¥01 CECLol 7L86 9¢ll 89°80¢ YLOLY 0001 L0°9 09 06°¢ 019 | T %s0's m
1T°SH01 CT00T FIT 60'6LY 000t 019 09 019 009 (I =
s 1 b d fooTsu=0 u I-[=w I 1 YLl ="l 1 1 3 c/p)=g| @ p 2 | aq €
. - proA ) 18ay € e n »
Anm‘““_wwh ,?mﬂ_u s *E._,m“wmomnﬁ .cc ?».8 ~ %0L) ?MW”_.,HMMM“.B (02) £ ‘s2iEM umq ﬂw._ MHmh_ v %MMWS (29) awmop e (W)} =L 21832158y m =
pinang Mw”ﬂw (edy) JSuang T et J0 amnjop PegI0sqy mqmewuwn_m suomeds | CORIN swommoadg | smemmaads .Sm e0L W m ]
apsuar WV mswermds | TPROT | 0RERA | T gpnyy | OSUWOA [BOMERM | | PRATY [ gy porsuawiq suemoeds 8 Joownyg o) 2 | 2
ass 70 smmnjo A ’ m. =

(I£69 @ INLSV ‘€871 OLHSVV ‘woneoynads qHY 1ad se 0408 Wiy)
SIXIT\ SNOWIUIIE SNOLIEA 10] DGO e (Wonipuo)) Surme [ -5mzaa1y) Qmandaisng Surddiys uria)-3wo - aseureq pRonpuy 2110 9-g Aqe ]

137

Appendices



Appendix C: [Pricing of Crumb Rubber]

C-1: Price Calculation (including Custom Duty and Conveyance)

50 mesh (0.3mm) Crumb Rubber (CR)
Price in India, (a)

= 30.00 INR/Kg [www.indiamart.com|

Crumb Rubber Price in BDT, (b) = (a)*1.41

4230 TK/Kg [1INR=1.41BDT n 2024]

Custom Duty (CD) to Import CR from
India, (c) = (b)*31%

13.11 TK/Kg [CD =31%]

Coveyance 1n Bangladesh. (d) = 5.00 TK/Kg
Total Cost of 50 mesh Crumb Rubber, (e) =

= 6041 TK/Kg

(b) +(c) +(d) ©

Say, 60.00 TK/Kg

C-2: Price of Crumb Rubber at Source (India)

Windiamart (LR O &

MART » obber et ot > T Poer » O Ruber
h hwari Materials And Scrap

Rubber Black 50 Mesh Crumb Rubber Powder

@ Mysore, Mysuru, Kamataka z 30/K| ogram

@ GST 29DFPPS6050N1Z7

& Verified Supplier 0 Manufacturer Enter Quantity Tonne v

&S View Mabile Number

4 Contact Supplier

Legal Status of Firm GST Registration Date

Proprietorship 01-07-2017 1 r :

Annual Tumover ndiamart Member Since :h

5-25Cr Jun 2017 Product Materia
Minimum Orde

r Quantity

Submit Requirement

Black

30 Micron
Loose

Tyre Industry
50 Mesh
Powder

Crumb Rubber
30000 Kilogram
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C-3: Duty Calculator by Bangladesh Customs
https://bangladeshcustoms.gov.bd/trade info/duty calculator?hscode=03024910

Home  Tradelnfo-  Legisktion-  Procedures-  Forms/Docs-  Budget~  News/Pubv  eService-

Duty Calculator

i Duty Calculator

HS-Code 40021900

Description Description

The search resLit shows the total tax incidence (TTT). One need to muitiply this ratz by the assessable value to cbtain

fotal amount of duty and taxes.

HSCode  Description Total Tax Incidence(TTI)

40021900 Soyrene-Butaciene Rubber; Carboxylated Styrane-Butadiene Rubber, Nes 318  For Breakdown of Taxes
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Publication

International Journal of New Innovations in Engineering and Technology

Crumb Rubber Modified Binder may More
Sustainable than Other Binders for Pavement
Construction i Rain Prone Area.

Md. Hafiz-Al-Mayin

Master's Student, Department of Civil Engineering
Chittagong University of Engineering & Technology, Chittagong, Bangladesh

Swapan Kumar Palit

Prafessor, Depariment of Civil Engineering
Chittagong University of Engineering & Technology, Chittagong, Bangladesh

Abstract- Flexible pavement gets less durable using conventional binders, whereas modified binders may provide higher
performance, specially using waste crumb rubber medified binder (CRMB) in pavement construction. The CRME was
produced by incorporation of crumb rubber which was collected from discarded tires. This waste tires are increasing
significantly with the increasing of vehicles day by day. With this era of strategy, an attempt has been tried to compare
various binders like neat 60/70 bitumen, polymer modified bitumen (PMB) and CEMB in terms of their mechanical
properties, Marshall properties and water sensitiveness. Mechanical property tests indicated that modified bitumen
exhibit higher softening point. higher elastic recovery, lower temperature susceptibility and befter resistance to stripping
compared to neat bitumen. The performance of asphalt mixes at OBC prepared by neat 60/70 bitumen, PAMB and CRMNB
were met the mix design criteria specified in the Marshall mix design approach. Both neat and modified bituminous
samples undergone water sensitivity analysis. The retained stability of various bituminous mixes was found to be 79.0%,
92.6%, and 95.0% for the respective mixtures. The tensile properties of asphalt mixtures and their resistance to cracking,
stripping due to frost and thawing action were also investigated by TSE based on moisture induced damage test and were
found to be 83.1%. 90.1% and 92.7% for the bituminous mixes prepared by 60/70 bitumen. PMB, and CRMB
respectively. Overall, the modified bitumen. especially CRMB. performed better than neat 60/70 bitumen as they are less
susceptible to temperature variations and meoisture, leading to reduced maintenance and hence the lifespan of pavement
may increase. Therefore, taking into account both the performance and the environment, CRMB can be considered as
sustainable alternative for durable and effective pavement construction in rain prone country like Bangladesh. Moreover,
using CRMB in pavement construction, environmental hazard will be reduced to some extent.

Keywords — Flexible Pavement. Crumb Rubber, Water Sensitivity, Sustainable Development

I. INTRODUCTION

Nationwide connectivity 1s becoming a prerequisite for developing social, economic, industrial & cultural aspects of
a country. So, a sufficient, sustamable, safe & efficient road network 1s very essential for rapid development of the
same as 1t significantly reduces maintenance cost, vehicle operating cost, travel time cost etc. Approximately 90% of
paved roads in Bangladesh are flexible pavements where bitumen 1s the main binding material on which pavement
life 15 mainly dependent. However, conventional bituminous pavements in Bangladesh experience numerous types
of defects which require frequent maintenance and are extremely vulnerable to traffic loading. moisture damage and
temperature fluctuations. Thus, bifumen quality must be enhanced in order to minimize the imperfections in the
roadways. Hence, an effort has been made to enhance the bitumen quality by adding modifiers with the neat
bitumen.

In Bangladesh, vehicles are mcreasing approximately 0.5 mallion [1] per year with the increase of life standard,
country development, economic zones, population and road network. Hence. every year, a sigmificant amount
{90,000 tons) [2] of non-biodegradable waste tires is produced in Bangladesh. out of which as major consumptions.
50,400 tons [3] are used in pyrolysis process to produce liquid fuel (Furnace Oil & Diesel). Remaining discarded
tires, one of the main sources of mumicipal solid waste, may take up large space in the landfill. produce harmful
gases, contamuinates the soil, groundwater, and farmland, trap the rain water helps to propagate pests, specially
mosquitoes, and many other environmental hazards if not properly recycled. Whereas 1t may be advantageous for
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