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Asphalt modification is an important area in the development of new road and pavement 
materials. There is an urgent demand for road materials that can minimize fracture 

at low temperatures and increase resistance to deformation at high temperatures. The 
function of asphalt is to bind aggregate to protect it from water and other harmful 

agents. In the beginning asphalt was ideal for this purpose, but recently traffic loads 
have increased and environmental factors have deteriorated more rapidly than before. 

Asphalt is a byproduct of crude oil in the refining process, and it is considered a complex 
heterogeneous mixture of hydrocarbons. Asphalt modification has become an important 

research area, using several methods and new materials as modifiers. 
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Preface

This book presents specific information on asphalt modifications, which has become an in‐
teresting area in recent years, due to the relevance of these kinds of materials for applica‐
tions in roads and highways. The current requirements in terms of the capacity to withstand
greater loads on roads and highways make it necessary to develop more resistance asphalt
with better properties, for instance deformation resistance at high temperatures, low-tem‐
perature cracking, and fatigue cracking, with the aim of meeting the needs of different geo‐
graphical areas.

Asphalt is a byproduct of oil refinery and is a complex mix of hydrocarbons. Because it has a
varied composition that mainly consists of heavy oil fractions, such as saturated asphal‐
tenes, resins, and aromatics, and depending on its origin, the proportions of these fractions
can vary to make asphalt heavier.

The main problems with modified asphalts are phase separation and thermal stability,
which are responsible for failures such as ruts, fractures, and cracks, among others. Depend‐
ing of the environmental conditions of use, these failures can increase in some cases, so it
becomes necessary to use modifier agents that improve the characteristics of asphalts.

Asphalt modifiers by excellence are elastomers, mainly styrene-butadiene; however, even
modified asphalt with these kinds of elastomers have fallen short in fulfilling their main
purpose, which is why it is necessary to look for new modifiers and especially new develop‐
ments to adapt and evaluate the performance of modified asphalts.

Among the main properties that a modified asphalt must have are mechanical properties,
since final performance depends on their supporting the loads and conditions to which they
are subjected during their application.

In recent years, environmental issues have become an important aspect of caring, so not on‐
ly should modified asphalts allow for lower fuel consumption, but also the modifying
agents such as polymers or natural products can be recycled, because in this way natural
resources would be used less and less pollution would be generated.

This book is divided into two sections: the first “Asphalts with Environmental Focus” and
the second “Evaluation of Asphalt Performance.” The objective of presenting in this way is
to analyze the options to generate modified asphalts using environmentally friendly materi‐
als and, on the other hand, to analyze the performance of modified asphalts with conven‐
tional agents such as rubbers, polymers, or clays, or to evaluate properties such as fatigue
failures or thermal properties.
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This book is a compilation of work that studies how modified asphalts are developed using
unconventional materials that can be environmentally friendly and, on the other hand, work
where the performance of modified asphalts is evaluated mainly for their mechanical prop‐
erties, due to the relevance of these areas in the applications of modified asphalts.

Dr. José Luis Rivera-Armenta and Dr. Beatriz Adriana Salazar-Cruz
National Technologic of Mexico (TecNM)

Technological Institute of Madero City, Mexico
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Abstract

High construction costs, when combined with awareness regarding environmental stew-
ardship have encouraged the use of waste and renewable resources in asphalt modifi-
cation. Increasing energy costs and the strong worldwide demand for petroleum have 
encouraged the development of alternative binders to modify or replace asphalt binders. 
The benefits of using alternative binders are that they can help save natural resources 
and reduce energy consumption while maintaining and in some cases improving asphalt 
performance. Common alternative binders include engine oil residue, bio-binder, soy-
bean oil, palm oil, fossil fuel, swine waste, and materials from pyrolysis. Chemical com-
positions of the majority of these alternative binders are similar to those of unmodified 
asphalt binders (e.g. Resin, saturates, aromatics, and asphaltene). On the other hand, tests 
indicate the wide variability in the properties of alternative binders. Also, the chemi-
cal modification mechanism for asphalt with alternative binders depends clearly on the 
unmodified asphalt and is consequently not well understood. For energy sustainabil-
ity, environment-friendly materials and an urgent need for infrastructure rehabilita-
tion that more research is needed to evaluate the alternative binders for use in asphalt 
modification. The alternative binders should have moisture resistance and good aging 
characteristics.

Keywords: asphalt, sustainable, alternative binders, biomaterials, eco-friendly, 
bio-binder
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1. Introduction

1.1. General introduction

Bio-materials that are used as binders in asphalt mixtures are termed “bio binders” [1]. The 
interest on using bio-binders in pavement engineering has significantly grown over the last 
decades due to the increasing scarcity of raw materials and environmental concerns about the 
use of non-recoverable natural resources.

Common alternative binders include engine oil residue, bio-binder, soybean oil, palm oil, fos-
sil fuel, swine waste, and materials from pyrolysis [2]. Chemical compositions of the majority 
of these alternative binders are similar to those of unmodified asphalt binders (e.g. Resin, 
saturates, aromatics, and asphaltene) [3]. On the other hand, tests indicate the wide vari-
ability in the properties of alternative binders. Also, the chemical modification mechanism 
for asphalt with alternative binders depends clearly on the unmodified asphalt and is conse-
quently not well understood [4, 5]. For energy sustainability, environment-friendly materials 
and an urgent need for infrastructure rehabilitation that more research is needed to evaluate 
the alternative binders for use in asphalt modification. The alternative binders should have 
moisture resistance and good aging characteristics [6].

2. Bio binder’s definition and resources

2.1. Definition

Bio-binder is an eco-friendly asphalt binder alternative obtained from non-petroleum-based 
renewable resources, which should not rival any food material. From the definition, bio-
binder can be described as dark brown, high flow, organic liquids that are comprised mainly 
of highly oxygenated compounds [7–10].

2.2. Bio-binder material sources

A range of different vegetable oils has been investigated in recent times, through the applica-
tion of scientific research and development, to determine their physical and chemical proper-
ties to study their applicability to be used as bio-binders in the pavement industry [11–13]. 
Bio-oils are produced from plant matter and residues, such as municipal wastes, agricultural 
crops, and byproducts from agricultural and forestry [8]. Other biomass sources include 
molasses and rice, sugar, potato starches and corn, gum resins and natural tree, vegetable oils 
and natural latex rubber, cellulose, lignin, waste oil of palm, peanut oil waste, coconut waste, 
potato starch, canola oil waste, dried sewerage effluent, and others.

Utilize this bio-binder can be a great potential as a modifier for asphalt binder because of simi-
lar chemical properties when compared with crude petroleum as shown in Table 1.

Currently, bio-binder is the second leading renewable energy in the nation after hydropower 
[14, 15].

Modified Asphalt4

3. Materials used for the production of bio-binder

3.1. Bio-oil

Bio-Oil is the liquid produced from the rapid heating of biomass in a vacuum condition [17]. 
There are many advantages for bio-oils over asphalt from crude oil as they are environment-
friendly, renewable, present a great economic opportunity, and provide energy security.

3.1.1. Bio-oil sources and production

3.1.1.1. Thermochemical liquefaction

To obtain more gasoline and other liquid fuels, the quality of the bio-oil is improved by using 
processes such as thermal cracking and hydrogenation [16, 17]. Upon fractionation, the light 
hydrocarbon fraction can be used as fuel. The remaining heavy residue called bio-binder can 
be used as an asphalt binder modifier.

3.1.1.2. Pyrolysis process

Fast pyrolysis is a thermal decomposition process that requires a high heat transfer rate to the 
biomass particles and a short vapor residence time in the reaction zone [8], which is a high-
temperature process for the production of vapors, aerosols and some coal-like char where 
biomass is quickly heated in the vacuum and then decomposes. The dark brown mobile fluid 
(bio-oil) is formed after cooling and condensation of these vapors and aerosols. When organic 
matter is biomass, consisting of biopolymers (such as cellulose, hemicelluloses, and lignin), 
the oils produced are called bio-oils. Generally, fast pyrolysis is used to obtain high-grade bio-
oil. Fast pyrolysis processes produce 60–75 wt% of liquid bio-oil, 15–25 wt% of solid char, and 
10–20 wt% of non-condensable gases. Fast pyrolysis initially starts with slow heating rates, 
and then involves a rapid heating rate of the biomass, that can reach up to 300°C/min, but not 
as fast as flash pyrolysis.

Fast pyrolysis design variables include, but are not limited to the following ones reported by [8]:  
feed moisture content, particle size, pretreatment, reactor configuration, heat supply, heat 

Physical property Value

Percent of moisture (wt %) 15–30

pH 2.5

Specific gravity 1.2

Elemental composition (H, C, O, N) (wt %) (5.5–7.0, 54–58, 35–40, 0–0.2)

Distillation residual (wt %) Up to 50

Viscosity @500°C (pa) 40–100

Table 1. Typical characteristics of wood-based bio-oils.
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transfer, heating rates, reaction temperature, vapor residence time, secondary cracking, char 
separation, ash separation, and liquid collection.

3.1.2. Importance of using bio-oil in the modification of asphalt

The bio-oil obtained from waste biomass at low cost is an environmentally friendly material 
containing the natural antioxidant lignin, bio-renewable asphalt modifier and asphalt sub-
stitutes potential to be successfully applied as an antioxidant additive in asphalt pavements. 
The other various chemicals that using as antioxidant additives are not environmentally and 
economically preferable [18].

3.2. Biopolymers

Bio-plastics or organic plastics are a form of plastics derived from renewable biomass sources, 
such as vegetable oil, corn starch, pea starch, or microbiota. Some of its advantages are often 
biodegradable, not toxic to produce and alternative to traditional plastics this is included in 
the definition of biodegradable polymers mentioned in [19]. Biopolymers are an alternative to 
petroleum based polymers produced by living organisms. The field of biopolymers is still in 
its early stage but is growing in popularity every day. Biodegradable polymers are produced 
by using micro-organisms, plants and animals (biological systems), or biological starting 
materials, which have been synthesized chemically from (e.g. starch, sugars, oils or natural 
fats, etc.). The biopolymers are biodegradable most of them and water-soluble some of them. 
Most of the biopolymer are compostable or will decompose in landfills, but the time can vary 
from a few days to even years, and will eventually decompose [20]. The natural rubber is the 
best example classified as a biopolymer. The natural rubber is the most common elastomer in 
almost all human activities due to its unique characteristics, raw or combined with synthetic 
elastomers. This elastomer has the ability to improve pavements performance and durability 
for being applied in road pavements as a recycled material from tires [21].

3.2.1. Importance of using the biopolymers

The bitumen degree controls the performance of the pavement mixture during the service 
temperature. In many cases, bitumen properties need to change to enhance their flexible 
characteristics at low temperatures to withstand adequate cracking and increase shear resis-
tance through high-temperatures and continuous loads to resist corrosion. With the addition 
of SBS polymers, the physical properties of polymers are usually modified to produce an 
improved asphalt grade that improves the performance of hot mix asphalt. In 2008, there was 
a shortage of type spherical polymers for the asphalt industry forcing asphalt mixing produc-
ers and owner/agencies to search for different products that could be used as bitumen [21]. 
With expectations of increased demand from soft asphalt in the next time, the need for viable 
asphalt is cost-effective that can be used instead of typical spike-type rates will still strong. 
Of asphalt-modified polymer mixture, nearly 80% of the polymer modified asphalt uses the 
SB type polymers. Thus there is a great market opportunity to create new polymers that can 
complement and/or replace the type SBS polymers used in asphalt paving. The researchers 
of chemistry and engineering are currently working to obtain chemicals and polymers from 
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renewable raw materials, composite materials and manufactured products known as “biolog-
ical materials.” When deliberating biomaterials, it is noteworthy that there are no direct nega-
tive effects caused by plants on the ecosystem, they can recycle carbon dioxide for the Earth’s 
crust, grow in different climatic zones, and much work on soil fertility improvement [22].

3.2.2. Bio-elastomers

Elastomers materials, or rubber materials, have a cross-linked structure. Natural and synthetic 
rubbers are both common examples of Elastomers [23]. Elastomer is a polymer with viscoelas-
ticity property in general, especially at low Yung’s modulus, and high yield strain compared 
to other materials. The plastics are very flexible and flexible, which means they can undergo 
large elastic deformities without rupture and greatly restore the shape and size after removal 
has been removed. Plastics are usually resistant to oil and fuel, not permeable to liquids and 
gases, but tend to deteriorate by oxidation [23]. Furthermore, plastics are either thermoplastic 
(can be thawed) or thermoplastic (which cannot be melted). The use of plant-derived triglyc-
erides is a substance used in the production of plastics because it provides two interactive 
sites, the double bond in the series of unsaturated fatty acids, and the ester group [24].

3.2.3. Using of bio-elastomers in asphalt modification

The introduction of crumb rubber in the production of asphalt-rubber mixtures for road pave-
ment should be considered a sustainable technology that turns unwanted residues into a new 
mixture with high resistance to fatigue and breakage. According to ASTM D 6814–02, rubber 
is a synthetic or natural synthetic rubber that can be chemically cross-linked/vulcanized to 
enhance its useful properties. Rubber or elastic joints across the link are three-dimensional 
molecular networks, with long molecules held together by chemical bonds. It absorbs sol-
vents and swells but does not melt. Moreover, it cannot be reprocessed simply by heating 
[25–27].

3.3. Waste cooking oil

The amount of waste cooking oil collected every year from food shops and restaurants is 
found to be 3 billion gallons; this is according to the U.S. Environmental Protection Agency 
(2011) [28]. This can be treated by polymerization and used as an alternative to bitumen [29].

The researchers investigated the potential use of cooking oil waste as an approved bitumen 
rejuvenation agent [30, 31]. The result was very promising because of the successful applica-
tion of waste cooking oil with bitumen as an activated agent for used bitumen or older leads 
to an economical and environmentally friendly solution. More modification and research is 
needed to obtain more efficient and effective results.

3.3.1. Problems caused by waste cooking oil and its treatment methods

In general, the dumping of untreated waste into a land fill or river leads to a negative envi-
ronmental impact. One of the main environmental issues arises the enrichment process that 
occurs when there is an obstacle to sunlight to penetrate the surface of the river caused by 
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the blocking of a thin layer of oil. Ultimately, oxygen supply to aquatic life is disturbed when 
nutrient enrichment occurs in the river [32, 33]. The balance of the water ecosystem balance in 
the lake or river has also affected water quality. Engine oil from vehicles or cooking oil waste 
from residential areas contributes to the main source of river pollution. The responsibility to 
overcome high construction costs and reduce waste disposal issues has begun to practice the 
recycling of waste as an alternative and an alternative way to prevent these problems [32]. 
According to Hamad et al. [33] and Singhbando and Tezuka [34], only the designated licensed 
companies responsible for collecting cooking waste World Customs Organization (WCO) 
from the food industry and especially the fast food restaurant before being sent to the recy-
cling centers.

3.3.2. Production of waste cooking oil

Waste cooking oil originates from frying activity at high-temperatures during food prepa-
ration, usually in the food industry, restaurants, hotels, and residences. The application of 
global customs organizations is diverse, for example, the use of yellow grease [35, 36], poten-
tial as a fuel source in biodiesel production [37], animal food [38], and making soap pro-
duction [37]. Despite efforts to collect up to 15 million tons of WCO annually, only a small 
amount of cooking waste is properly managed through the recycling process [38]. Regular 
monitoring and management of the WCO creates a challenge to be addressed and becomes 
the primary consideration for overcoming serious dumping problems that eventually lead to 
serious water pollution [39]. Figure 1 shows the total production of the WCO by States. The 
production of 10 million tons of WCO per year, accounting for 55%, makes the United States 
the highest producer of the WCO.

A large amount of vegetable oil consumption about 17 million tons causes a huge amount of 
waste that has reduced the production of oil resources, and this amount increases about 2% 

Figure 1. Production of cooking oil based on the country [36, 40, 41].
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every passing year [42]. According to the food and drug administration (FDA) report [42, 43], 
40% of the sewage system is blocked with frying oil which is cast in the kitchen sink.

3.3.3. Chemical properties and characterization of waste cooking oil

Chemical properties gas chromatography–mass spectrometry test (GCMS) is one of the chem-
ical tests that are used for the purpose of the identification of chemical compound in unknown 
waste cooking oil. Based on the observation, the major chemical compound identified in the 
WCO is oleic acid, which represents 43.67% of the entire compound. Meanwhile, palmitic 
acid represents for 38.35% whereas 11.39% is recorded linoleic acid as shown in Table 2.

Due to long chain of palmitic acid and oleic acid [44], the potential of being cracked is high 
by thermal cracking or catalytic cracking process. Based on the research conducted by Zahoor 
et al. [45], the properties of unused oil is differ from used cooking oil especially in term of 
density, kinematic viscosity, and moisture content which presented in Table 3.

3.3.4. Experimental application of bio-binders

The main field of application of bio-binders is in the paving industry. However, market oppor-
tunities exist in housing products via roofing shingles and sealants [46]. There are three ways 
that a bio-binder reduces the use of bitumen from fossil fuels (as shown in the percentage) [8].

1. Directly alternative (75–100% bitumen substitute.

2. Bitumen extender (10–75% bitumen substitute)

3. Bitumen modifier (<10% bitumen substitute)

Free fatty acid’s type Waste cooking oil %

Heneicosanoic acid 0.08

Cis-11-Eicosenoic acid 0.16

Linolenic acid 0.29

Palmitic acid 38.35

Linoleic acid 11.39

Stearic acid 4.33

Myristic acid 1.03

ɣ-Linolenic acid 0.37

Lauric acid 0.34

Oleic acid 43.67

Total 100

Table 2. Chemical properties of waste cooking oil [44].
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In almost, all the road construction has been used modifiers in conventional bitumen binder. 
To decrease the demand for petroleum-based bitumen research is being done on bitumen 
extender as 100% replacement of bitumen. Additives are the resin, emulsions, crumb rubber, 
polymer and so on. Waste materials like waste cooking oil, waste engine oil and so on, may be 
the promising alternatives [47, 48].

4. Overview of the results of using of bio-modified asphalt

4.1. Predictable overall specifications

Asphalt is a mixture of moderately molecular weight hydrocarbons, aliphatic, and aromatic 
hydrocarbons containing moderate amounts of sulfur, small amounts of oxygen and nitrogen, 
and other rare elements including transitional metals. The physical and chemical properties 
of asphalt are results of their chemical composition. Large changes in chemical composition 
may lead to changes in unexpected physical properties. Bio-binders are at best linked to per-
formance, so important chemical changes may give a false test. There are many noticeable, 
tacit assumptions about asphalt to consider:

• Expected aging characteristics.

• It is expected to have rheological properties.

• Will have the characteristics of the expected adhesion to aggregates.

• Has the expected coating behavior in the mixing plant.

• Have predictable flow characteristics throughout construction.

Properties Used cooking oil values Unused cooking oil values

Acid value (mg KOH/gm) 4.03 0.3

Calorific value (J/gm) 39,658 —

Saponification value (mg KOH/gm) 177.97 194

Peroxide value (meq/kg) 10 < 10

Density (gm/cm3) 0.9013 0.898

Kinematic viscosity (mm2/s) 44.956 39.994

Dynamic viscosity (mpa.s) 40.519 35.920

Flash point (°C) 222–224 161–164

Moisture content (wt. %) 0.140 0.101

Table 3. Comparison between properties of unused oil and used cooking oil.

Modified Asphalt10

There are many other less obvious predictions:

• Predictable outflow characteristics.

• Expectable water solubility.

• Expected interactions with fuels, oils, and so on.

• Predictable environmental characteristics.

• It will have a predictable smell.

• It will have a predictable mixing with a virgin binder as a reclaimed asphalt pavement

• It will have a predictable interaction with contiguous mixtures.

• Will be available in large quantities upon request.

4.2. Aging

Rolling thin film oven test (RTFO) and pressure aging vessel (PAV) may not sufficiently rep-
resent plant and field aging because an alternative binder may have significantly different 
aging characteristics. Start by identifying an aging index to compare with unmodified asphalt 
is suggested in experimental respects. RTFO It should be operated over a variety of times and 
temperatures to see if normal temperature correspondence is still present. The same is true 
for PAV. Use PAV at 60°C for excessive times and compare output performance with results 
in standard conditions.

4.3. Rheological properties of bio-modified asphalt

Bio-binder may it may completely break down or give suggestively different time-tempera-
ture relationships. A clear example is an alternative bond with a fine melting point. A binder 
with a melting point at 73°C may be well suited for use in heavy road traffic in the PG 64 
environment, but the dynamic shear rheometer (DSR) test at a specific grade of 76°C will give 
inappropriate results.

4.4. Strength properties and cracking

While strength characteristics and cracking are precarious to pavement performance, they 
are controlled by the total and the gradient and the effect of the alternative binder properties 
is not easily expected. Unlike low-temperature characteristics, it may be necessary to reduce 
the mixture test to explain the effect of a new material on cracking and strength properties.

4.5. Rutting performance at high-temperature

As illustrious above, bio-binder may have a different shape to the master curve. They may 
also have varied stress tolerance. For more than a few reasons, the creep compliance is 
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 unrecoverable, Jnr, from the multiple creep and recovery creep (MSCR), is a better choice 
than the G */sin δ of the oscillating DSR to describe the performance of high-temperatures. 
MSCR is run at the expected high pavement temperature and therefore, does not depend on 
the time-overlay overlap. Jnr has been shown to be well correlated with the actual progressive 
performance of a larger group of substances from G */sin δ. Finally, stress tolerance is already 
a unit for MSCR testing. However, it would be practical to check the range of temperatures 
and pressures to look for unusual behavior that may affect progressive performance. The 
mixture test is also strongly recommended.

4.6. Cracking in cold climates

Cold climates tensile and crack the characteristics of a bio-binder may differ from conven-
tional asphalt, so testing the bending beam rheometer (BBR) may not be sufficient. A fracture 
test such as a direct tensile test or asphalt cracking will provide information on low-temper-
ature break characteristics. If there is a significant difference in expected temperatures, the 
fracture test results can still be used to re-evaluate the BBR results to simplify the test over the 
long term. One more caution, these still only characterize one single thermal cracker. May not 
adequately address fatigue at low-temperatures.

4.7. Fatigue performance

There is currently a no good way to characterize a binder for fatigue performance, although 
there are some talented tests in development. The G * sin δ from DSR has been included in 
the superpave specification to control the shape of the main curve, and as mentioned above, 
it may or may not be suitable for a substance different from asphalt. There are differences in 
mixing tests that are related to fatigue performance, and at least today, this is the only correct 
position to handle fatigue performance.

5. Comparison between bio-modified asphalt binders and 
unmodified ones

The temperature range of viscous behavior for bio-oils may be lower than the virgin asphalt 
rate, by about 30–40°C. The rheological properties of the original bio-binder differ from those 
of the asphalt, but the rheological properties of these modified biological bonds vary greatly 
when polymer rates are added. For the developed bio-binders the high-temperature perfor-
mance grade may not vary significantly from that of the asphalt binders, nevertheless, the 
low-temperature performance grade may vary significantly [6].

5.1. Structure of bio-oil compared with asphalt

The chemical properties indicated that the amount of furfural and phenols were varying due 
to the different aging processes and intervals.

Modified Asphalt12

The chemistry of bio-oils is complex, similar to asphalt; thus, a complete chemical character-
ization is difficult or practically impossible. The complication of chemical characterization 
or analysis resulted from the attendance of high molecular weight of phenolic species [4]. In 
addition, the fragmented oligomeric products occur with different numbers of phenolic and 
carboxylic acids, and hydroxyl groups as well as aldehyde, alcohol, and ether purposes. Thus, 
phenolic species occur as different hydrogen-bonded aggregates, micelles, droplets, and gels.

5.2. Temperature of performance

In general, the mixing and compaction the temperature range for bio-oils may be lower than 
bitumen inhibitors at about 30–40°C.

• The flow characteristics, that is, the temperature and shear, of the biomedical biomaterials 
of the bio-oils differ from those of the asphalt, but when adding the polymer hosts, the 
rheological properties of these modified biomarkers change dramatically.

• Polymers should be carefully chosen because the temperature range of the bio-groups es-
tablished differs from the polymers used extensively in the asphalt industry.

• The high-temperature performance of biologically determined groups may not change sig-
nificantly from sediment deposits. However, the low-temperature performance level may 
change significantly because of the high oxygen content in biomaterials compared to typi-
cal asphalt volumes.

5.3. Comparison from viewpoints of environment, economy, and energy

Significantly, The United States is working to create a biobased economy that generates energy 
from renewable organic matter rather than fossil fuels. Because of access to large amounts of 
vital sources such as triglycerides, proteins, starch, and other carbohydrates from various 
plant sources, there are interesting technical and economic forecasts for their use to produce 
vital bonding materials. At present, research on the application of bio-oils has focused on their 
use as bio-defense fuel to replace fossil fuels. Based on the findings of these surveys, the use 
of bio-oils as asphalt metal is very promising.

On the other hand, no research has yet been conducted on the feasibility of using bio-oils as 
an alternative to asphalt (replacing 100%) for use in the paving industry. As a result, there is 
a lack of data demonstrating the development of biomaterials from essential oils. Biomass 
boxes (artificial bonding materials) can be used in three different ways to reduce the demand 
for fossil-based asphalt compounds.

6. Conclusion

High construction costs, when combined with awareness regarding environmental stew-
ardship have encouraged the use of waste and renewable resources in asphalt modification. 
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there are some talented tests in development. The G * sin δ from DSR has been included in 
the superpave specification to control the shape of the main curve, and as mentioned above, 
it may or may not be suitable for a substance different from asphalt. There are differences in 
mixing tests that are related to fatigue performance, and at least today, this is the only correct 
position to handle fatigue performance.

5. Comparison between bio-modified asphalt binders and 
unmodified ones

The temperature range of viscous behavior for bio-oils may be lower than the virgin asphalt 
rate, by about 30–40°C. The rheological properties of the original bio-binder differ from those 
of the asphalt, but the rheological properties of these modified biological bonds vary greatly 
when polymer rates are added. For the developed bio-binders the high-temperature perfor-
mance grade may not vary significantly from that of the asphalt binders, nevertheless, the 
low-temperature performance grade may vary significantly [6].

5.1. Structure of bio-oil compared with asphalt

The chemical properties indicated that the amount of furfural and phenols were varying due 
to the different aging processes and intervals.
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The chemistry of bio-oils is complex, similar to asphalt; thus, a complete chemical character-
ization is difficult or practically impossible. The complication of chemical characterization 
or analysis resulted from the attendance of high molecular weight of phenolic species [4]. In 
addition, the fragmented oligomeric products occur with different numbers of phenolic and 
carboxylic acids, and hydroxyl groups as well as aldehyde, alcohol, and ether purposes. Thus, 
phenolic species occur as different hydrogen-bonded aggregates, micelles, droplets, and gels.

5.2. Temperature of performance

In general, the mixing and compaction the temperature range for bio-oils may be lower than 
bitumen inhibitors at about 30–40°C.

• The flow characteristics, that is, the temperature and shear, of the biomedical biomaterials 
of the bio-oils differ from those of the asphalt, but when adding the polymer hosts, the 
rheological properties of these modified biomarkers change dramatically.

• Polymers should be carefully chosen because the temperature range of the bio-groups es-
tablished differs from the polymers used extensively in the asphalt industry.

• The high-temperature performance of biologically determined groups may not change sig-
nificantly from sediment deposits. However, the low-temperature performance level may 
change significantly because of the high oxygen content in biomaterials compared to typi-
cal asphalt volumes.

5.3. Comparison from viewpoints of environment, economy, and energy

Significantly, The United States is working to create a biobased economy that generates energy 
from renewable organic matter rather than fossil fuels. Because of access to large amounts of 
vital sources such as triglycerides, proteins, starch, and other carbohydrates from various 
plant sources, there are interesting technical and economic forecasts for their use to produce 
vital bonding materials. At present, research on the application of bio-oils has focused on their 
use as bio-defense fuel to replace fossil fuels. Based on the findings of these surveys, the use 
of bio-oils as asphalt metal is very promising.

On the other hand, no research has yet been conducted on the feasibility of using bio-oils as 
an alternative to asphalt (replacing 100%) for use in the paving industry. As a result, there is 
a lack of data demonstrating the development of biomaterials from essential oils. Biomass 
boxes (artificial bonding materials) can be used in three different ways to reduce the demand 
for fossil-based asphalt compounds.

6. Conclusion

High construction costs, when combined with awareness regarding environmental stew-
ardship have encouraged the use of waste and renewable resources in asphalt modification. 
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Increased energy costs and strong global demand for oil have encouraged the development 
of alternative bonding materials to modify or replace asphalt bonding materials. The benefits 
of using alternative bonding materials are their ability to help conserve natural resources and 
reduce energy consumption while at the same time improving asphalt performance.

The use of alternative (or secondary) materials in asphalt mixtures may be one of the most 
complex methods of highway use. It is not a matter of throwing alternative materials into the 
mixture and coating them with cement. The best use should be designed and used, including 
the design of the mixture itself, and the effects of alternative materials on the behavior of the 
asphalt binder, and the pavement to be incorporated into it. It is necessary to know how to test 
the resulting mixture in order to conform to the specifications; in some cases, this knowledge 
is lacking. Also, the expected finding from this chapter is as follows:

• Bio-Binder modified asphalt is capable to change rheological properties of the asphalt 
binder which will improve the performance against pavement distress

• The bio-binder will increase viscosity of the asphalt binder at high service temperature

• The binder test will show that the addition of bio-oils is expected to improve the rutting 
performance

• Most of the bio-oil modified asphalt mixture has higher fatigue lives than the control as-
phalt mixture.

• The addition of bio-modified asphalt with asphalt binder reduced the PG of the base bind-
er, representing an increased resistance to thermal cracking, nevertheless reduced resis-
tance to rutting.

• The adding of bio-modified asphalt reduced the crack energy at middle temperatures when 
compared to unoriginal asphalt under monotonic loading, representing reduced resistance 
to fatigue cracking.

• The dynamic modulus of hot mix asphalt (HMA) reduced with addition of bio-modified 
asphalt.

• The flow numbers of the bio-modified asphalt HMA mixes were lower than those of un-
original mixes. This finding indicated that bio-modified asphalt HMA mixes are more dis-
posed to rutting than unoriginal mixes.

• The cracking energy reduced with addition of bio-modified asphalt in the HMA and crack 
work obtained from IDT testing at intermediate temperatures, indicating that the bio-modified 
asphalt mixes are disposed to fatigue failure as soon as compared to control HMA.

• Thermal cracking energy increased with addition of bio-modified asphalt in the HMA, 
which indicating that an improved resistance to low-temperature thermal cracking. Bio-
modified asphalt mixes are highly elastic even at lower temperatures than unoriginal mixes.

• Overall bio-modified asphalt can be a promising applicant for low-temperature behavior. 
However, further modification of bio-modified asphalt for higher temperature is essential 
to increase its performance against rutting.
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It will be a positive step in the direction of achieving mixture modified with bio-binder that 
has similar or improve performance when compare to conventional mixtures.
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Abstract

This chapter focuses on Asphalt ages during construction, transportation, application
phases and service life, as well. Exposure of environmental conditions such as traffic and
climate is one of the prominent reasons aging in asphalt. The most common mechanism of
aging is the degradation in the chemical structure of the binder by oxidation. Asphalt
aging could cause several serious issues on the pavement such as stiffening, stripping that
accelerates fatigue cracking and different moisture-induced problems such as raveling
and potholes. Therefore, various additives are used as modifiers to improve the mechan-
ical properties of asphalt. The most commonly used modifiers are polymers. Styrene
butadiene styrene (SBS) polymers are utilized to prevent from deteriorating against exter-
nal factors during its service life and to delay its aging in asphalt pavement. In the scope of
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different moisture induced distresses such as raveling, potholes, respectively. Therefore, vari-
ous additives are used as modifiers to improve the engineering properties of the bitumen
material. The most commonly used modifiers are polymers.

The investigations in asphalt pavement technology and its application fields have enabled the
development and practical use of polymer modifiers. A number of researches have been
carried out to investigate in asphalt pavement [1–15].

Various additives which are called modifiers have been contributed binder to increase the
performance of asphalt. Modifiers are provided long term service life of asphalt and prevented
them long term aging [17–20].

Polymer has been used commonly with asphalt for nearly 50 years as of additives. Many tests
are being applied for increasing the properties of asphalt combination. [3].

The traffic load and temperature cause the asphalt coating to lose strength over time. SBS Block
Copolymer is used commonly with binders in order to ensure the high quality of materials,
increase the endurance of binder and hot mix asphalt pavement. Many studies have been
found that Modified asphalt with SBS provided to endurance rutting in high temperature,
fatigue behavior and low temperature cracking [17–20].

Hamid et al. determined different types of HMAs which are prepared with grinded and non-
grinded SBS polymers. It was seen better result with grinded SBS polymer modifier. According
to the test result, it was determined that there was slight increase in the air gap and aggregate
volume, and endurance to stresses increased and the density decreased.

Qadi et al. probed the effect of multiple additives and modifiers on asphalt pavement.
Polyphosphoric acid (PPA), liquid anti strip (LAS), and hydrated lime were selected for using
of laboratory study. It was seen that the moisture sensitivity in asphalt mixtures decreased
when used of Liquid Anti Stripe and hydrated lime [21].

Styrene butadiene styrene copolymers (SBSC) are classified as thermoplastic elastomers
because of their elastic and thermoplastic characteristics, and are used as modifiers for the
bitumen because of their important features contributing to the mechanical properties of the
asphalt [22–24].

In numerical studies, it is performed Abaqus and Ansys program are widely used with non-
linear viscoplastic finite element model (FEM) analysis. Furthermore; Due to the longitudinal
dimension, 2- and 3-dimensional models are generally approved for the design of modeling
[25, 26].

2. Aging behavior of asphalt

Most of the coating systems are located at moderate temperatures. The asphalt cement has
both a fluid and an elastic solid character. Since the asphalt is an organic material, it reacts
with the surrounding oxygen. Oxidation changes the structure and complexity of asphalt

Modified Asphalt22

molecules. Oxidation causes to oxidation on the asphalt, aging or hardening, leading to further
fractures.

Oxidation occurs more rapidly at higher temperatures. When the asphalt cement is heated,
mixed more easily and compressed, the amount of breakage is considerable. The characteris-
tics of asphalt cement under temperature changes and loading rates and aging stages are
determined by their ability to perform as a binder in coating systems.

Asphalt cement within the coating; it is hardened under the influence of air, environmental
condition and heat during the service life. It is occurred aging hardening and viscosity increase
in the bitumen over the time. In the bitumen subjected to aging hardening, lower penetration
and higher viscosity are seen, and it is stated that aging hardening results in lower adhesion
and brittle fracture.

The aging index of asphalt is shown the following Figure 1 in term of years.

3. Factors effect on asphalt aging

As indicated before, asphalt in service condition interacts with many environmental and
mechanical factors such as, atmospheric oxygen, dissolved oxygen, moisture, ambient and
pavement layer temperatures, UV irradiation, traffic. Therefore, all these factors have minor
to very severe effects in physical & chemical characteristics of asphalt, and subsequently these
effects are reflected in either increase in viscosity, loosening adhesibility, or changes in moduli.

Stimulate asphalt aging has been shown in Table 1 and the Petersen’s findings have been
presented in Figure 2 respectively.

Figure 1. Asphalt aging index by years [27].
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4. Bitumen modification

Bitumen exhibits viscoelastic properties as rheological structure. Bitumen, which plays a major
role in many parameters of road performance, mainly cracking and permanent deformation
resistance, also causes viscoelastic properties of asphalt mixtures. Generally, the amount of
deformation in asphalt coating varies depending on the loading time and the temperature value.

The behavior of bitumen affected by static and dynamic loads is shown in Figure 3.

Permanent deformation (creeping), cracking (thermal or fatigue), moisture damage are the
most common types of degradation in flexible coatings. Shortening the service life of road
coverings under increasing traffic load has necessitated modification of bitumen. In recent
years, based on polymers, the use of highly modified bituminous blends and mixtures has
been increasing. As polymer additives and non-polymer additives as shown in Table 2.

Table 1. List of individual factors and conjoint factors that affect asphalt aging [28].

Figure 2. Illustration of asphalt aging process due to volatilization, oxidation, absorption and adsorption [28].

Modified Asphalt24

Usage purposes of modified bitumen applications:

• Control of fatigue cracks,

• Water impermeability,

Figure 3. The behavior of bitumen affected by static load (a) and dynamic load (b) [27].

Modification types Specimens

I. Modification with non-polymer additive

a. Filler Clay, black carbon, fly ash

b. Anti-peel additives Organic Amines and Amids

c. Expander (Extendents) Lignin and sulfur

d. Antioxidants Zinc and lead antioxidants, phenolics

e. Organo-metal compounds Amines

f. Others Organo manganese compositions

Organo carbon compositions

II. Modification with polymer additives
a. Plastics

1. Thermoplastics
2. Thermosets

b. Elastomers
1. Natural Rubbers
2. Artificial Elastomers
3. Processed Rubbers
4. Fibers

Polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC),
Polystyrene (PS), ethylene vinyl acetate (EVA)
Epoxy resins
Synthetic butadiene copolymer (SBR), Styrene-butadiene styrene copolymer
(SBS),
Ethylene prokplendien harmoliper (EPDM), Isobutene isoprene copolymer
(IIR)
Polyester, fibers, polypropylene fibers

III. Chemical reaction modification Additive reaction (bitumen + monomer)
Vulcanization (bitumen + sulfur)
Nitrogen reaction (bitumen + nitric acid)

Table 2. Bitumen modification types [29].
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• Increase of adhesion,

• Reduction of noise,

• Reduction of groove marks on wheel load can be summarized [37, 38].

Additives used in the modification of bituminous and bituminous mixtures and the benefits
provided according to their shape of deterioration are shown in Table 3.

5. SBS polymer modified bitumen and properties

Styrene-butadiene styrene (SBS) polymer additives used as additives in bitumen are one of the
most preferred additive materials since they give positive results in physical and mechanical
properties of HMA blends.

SBS additive and its three-dimensional structure is indicated in Figure 4.

SBS polymers are randomly formed as bond shapes in different forms such as block, styrene,
butadiene, and linear.

Modifier Permanent deformation Thermal cracking Fatigue crack Moisture damage Aging

Elastomers + + + +

Plastomers +

Processed rubber + +

Black carbon + +

Lime +

Sulfur +

Chemical modifier +

Antioxidants +

Hydrated lime + +

Table 3. Benefits of different types of modifications [27].

Figure 4. General view of SBS-additive and three-dimensional SBS structure [30].
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Molecular structure of SBS additives is illustrated in Figure 5.

Figure 6 is indicated a three-dimensional view of asphalt-coated SBS molecules and the SBS
modified bitumen structure consisting of asphaltic cell form and styrene butadiene bonds.

When the structure of SBS is examined, the following conclusions can be drawn:

• The polystyrene crowlings gives strength by forming physical cross-links.

• The polybutadiene bridges provide elasticity and flexibility.

• At 100�C, the polymer becomes fluid and the three-dimensional network structure recurs.
Since the material is a thermoplastic elastomer, it does not lose anything in its heating and
cooling properties.

• It maintains its characteristic between �40�C and + 80�C.

6. Materials and methodology

In this study, initially, some conventional tests were applied. The properties of bitumen and
aggregates to be used in bituminous hot blends have been examined. In the performance tests;
core samples were taken different time in 1 year period (1st, 4th, 8th and 12th months) and
tested in Figure 7. Core samples achieved from the implementation of asphalt pavement which
are prepared with SBS modified and neat bitumen of the asphalt pavement. When taking the

Figure 5. SBS molecular structure [31].

Figure 6. Three-dimensional appearance of asphalt-coated SBS molecules bond structure of SBS coated asphalt film
[30, 32].
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core samples, the edge of the road and the wheel passage areas are taken into consideration in
Figure 8. In a one-year time period, 7432 equivalent axle loads were evaluated on trial path.
Small axle tracks are not considered and are not taken into consideration because of using a
secondary road. The effects of temperature on stability, stiffness, indirect tensile strength and
fatigue resistance were investigated. Furthermore, it was examined Von Mises stress and
vertical deformation of asphalt pavement on different time period with numerical analysis.

The location of the samples in asphalt and identification of the sample types are given in
Table 4.

As a neat binder, asphalt binder of B 50/70 type taken from TUPRAS refinery was used. In
modification, KRATON D 1101 contains styrene-butadiene styrene (SBS) block copolymer
produced by Shell Bitumen was used.

The materials used in the layers that constituted the super structure of the road are; crushed
aggregate chosen in the lower base layer, granular crushed aggregate chosen in the base layer,
and crushed limestone aggregate chosen in road coating layer.

Figure 7. Core samples of hot mix asphalt (HMA) [33].

Figure 8. Asphalt pavement type (a), the core holes (b) and core sample (c) [33, 34].

Modified Asphalt28

A solid model consisting of superstructure layers was created with namely Ansys using the
finite element program. The solid model is designed by using the field parameters obtained by
considering the environmental conditions such as traffic and climate. HMA design has been
applied in the solid model, and only by doing so could real conditions were simulated with the
analyses.

6.1. Numeric analyses

Numerical analyses assure significant advantages in using parameters derived from empirical
studies to determine the stress and deformation characteristics of the superstructure of roads,
corrosion, binder, base and sublayers, and to make future estimates. The Finite Element
Method is often favored among other numerical approaches since it allows to make various
changes and provides precise measurements in creating numerical models of physical prob-
lems. The Finite Elements Program used in numerical analysis is a numerical solution method
developed for the analysis of problems expressed by differential equations. In the program, a
continuous medium is branched by finite elements, and the equations are enrolled for one
element, and integrated to derived system equations. As a result, complex differential equa-
tions considered for continuous media transformed into matrix format and it is reduced to a
set of linear equations [36].

6.2. The finite elements method

The Finite Elements Method is a numerical solution method used frequently in engineering
practices for the purpose of examining the continuous medium problems by examining them
after dividing into a certain number of elements. In the scope of this method, the solution is
obtained by dividing a medium or an object by finite elements and writing the rigidity matrix
for each element, and then integrating the solutions for all elements. The numerical solutions of
the differential equations that express the mechanical behavior of the system in question are
written in matrix format. Generally, bigger matrices appear for the geometrical applications
that require multiple elements. In solving such problems, the necessary linear algebraic oper-
ations are performed via computers.

6.2.1. The advantages of the finite elements programs

• The Finite Elements Formulation may be applied to many problems.

Identification of the samples State and location of samples

SK SBS modified samples on road side

S SBS modified samples on vehicle wheel passing line

NK Neat samples on road side

N Neat samples on vehicle wheel passing line

Table 4. Classification of drilling core samples of the HMA mixtures [33–35].
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• It ensures the opportunity of speed and optimization that can be analyzed via computer.

• Any types of complex geometrical, material status and loading limit conditions may be
defined.

• It facilitates the solution of integrated problems in ways such as tension, shape-shifting
(statics) and consolidation (dynamics).

• The primary independent variables like place-shift, flow potential, which are selected, and
the secondary unknown factors depending on these such as tension, shape-shifting,
speed, and the amount of flow, etc., which are depending on these, are assessed together.

• Results that are close to reality are obtained with adequate element definitions [36].

In this chapter, a finite elements model was developed by using the ANSYS Finite Elements
Program for the super-structure of the road. The models, which consist of asphalt coating, the
base and sub-base include 79,045 elements and 558,224 nodal point in average.

Different models were prepared for various time periods, which were 1st, 4th, 8th and 12th
Months, by considering the multi-layer structure of asphalt, the traffic and the environmental
conditions [35].

The Finite element model (FEM) of road is given in Figure 9.

7. Results and discussion

7.1. Experimental results

Field and laboratory test works were conducted on the super-structure of the road for a time
period of 1 year under traffic and environmental conditions. Drilling core samples were taken
from the super-structure of the road in certain periods. The experimental part of the study was
carried out in two stages. In the first stage, the physical properties of the aggregates and the
neat and SBS modified bitumen which are using the asphalt mixture were determined. In the

Figure 9. Finite element model (FEM) of road [34].
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second stage, various tests performed HMA samples. The mechanical properties of the sam-
ples collected from the different asphalt pavement were examined in the 1st, 4th, 8th and 12th
months for a one-year period.

7.1.1. Properties of bituminous binders and aggregates

The binder was used in B50/70 class and constituted the building block of the HMA, which
was used in the road platform. The characteristics of the pure (neat) and HMA-modified
bitumen are given in Table 5 that the neat and SBS modified bitumen are a little susceptible
to temperature in relation to the penetration index and they have a value above the limits of
the specification as softening.

The gradation characteristics of the mixture are given in Table 6. The physical properties of the
aggregate are shown in Table 7. It is understood that the aggregates used in the coating layer
of HMA are within the limits of the related specifications in terms of their physical properties.

Property Test method Neat bitumen SBS modified bitumen

Specific gravity (gr/cm3) EN 15326 1.022 1.017

Penetration (25�C, 0.1 mm) EN 1426 B-61 B-68

Softening point (�C) EN 1427 51.7 54.0

Ductility (25�C, cm) EN 13589 >100 >100

Fraas breaking point (�C) EN 12593 �17 �17.5

Table 5. The properties of the neat bitumen [34].

Sieve Size (mm) 12.5 9.5 4.75 2.00 0.425 0.18 0.075

Passed (%) 100 90.4 56.6 36.6 18.2 13.0 10.3

Table 6. Aggregate gradation.

Tested property Standard Coarse Fine Filler Specification limit

Abrasion Loss % (Los Angeles) ASTM C 131 20.5 — — Max 35

Frost action % (with Na2So4) ASTM C 88 1.20 — — Max 10

Peel strength (%) ASTM D903 60–70 Min 50

Flatness index (%) BS 812 16.1 Max 30

Water absorption (%) ASTM C127 0.38 0.88 —

Specific bulk density (gr/cm3) ASTM C127 2.733 — —

Specific bulk density (gr/cm3) ASTM C128 — 2.678 —

Specific bulk density (gr/cm3) ASTM D854 — — 2.764

Table 7. Aggregate characteristics [35].
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• It ensures the opportunity of speed and optimization that can be analyzed via computer.
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Figure 9. Finite element model (FEM) of road [34].
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7.1.2. HMA design properties

In order to determine the HMA design properties, the pure and SBS-modified asphalt concrete
coating sample road platform was prepared by taking the aggregate gradation as the basis.
The pure HMA optimum bitumen rate was determined as 4.95%, and the SBS-added HMA
optimum bitumen rate was determined as 5.24%. The properties of the design criteria are
given in Table 8, and it is observed that they meet the Conditions List criteria.

From the pavement spread and compacted according to the predetermined design the core
samples were taken at three different time periods on the vehicle wheel passing line and
banquette of the road. The core samples were sized to those of Marshall samples and they
were tested by Stiffness Modulus, Indirect Tensile, Fatigue and Marshall tests.

The average volumetric characteristics of the core samples are given in Table 9.

In Figure 10, It is indicated that the alteration in the stability of the samples over time.
According to the result of the experiment, there have been remarkable increases in the stability
with the hardening in the asphalt coating over time. SBS modified specimens were found to
have 24% greater stability at 1st month and 72% greater at 12th months, respectively, when
compared to neat specimens. The Stability increased 34% in neat mixtures and 76% more in
SBS modified mixtures, respectively for 12th month compared to 1st month.

Property Pure HMAvalue SBS modified HMAvalue

Optimum bitumen rate (%) 4.95 5.24

Practical specific gravity (Gmb, gr/cm3) 2.415 2.411

Marshall stability (kgf) 1222 1170

Flow (mm) 3.03 3.58

Aggregate void ratio (Vma, %) 15.10 13.9

Asphalt void ratio (Vf, %) 73.93 75.4

Air void ratio (Vh, %) 3.94 3.10

Gmb, bulk specific gravity; Vh, air voids; Vf, voids filled with asphalt; Vma, the void volume between the aggregates.

Table 8. Design properties of pure and SBS-modified HMA [34, 35].

Specimen Gmb Vh (%) Vma (%) Vf (%)

N 2.267 8.929 19.362 53.899

NK 2.280 8.43 18.92 55.480

S 2.271 8.369 19.457 57.032

SK 2.280 8.004 19.136 58.188

Gmb, bulk specific gravity; Vh, air voids; Vf, voids filled with asphalt; Vma, the void volume between the aggregates.

Table 9. The volumetric characteristics of the core samples in the 1st month [35].
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The change of the stiffness modules is illustrated in Figure 11.

In Figure 11, the stiffness modulus values show significant increase over time. In addition, the
stiffness module of the samples taken from the edges and the vehicle wheel pass line of neat
and SBS modified asphalt pavement were similarly affected by the time factor. SBS modified
sample values increased by 8–27% more than neat sample values. The edge asphalt samples
which are taken from banquette value were higher than the vehicle wheel passing. This
difference is seen 2.3% to 11.8% in neat specimens and 1.8–10% in modified specimens. The
reason for this increase is due to the fact that the samples from the edge are exposed to more
water due to the transverse slope of the road [35].

The graph in Figure 12 shows the average test results of the Indirect Tensile Strength Test.

In Figure 12, ITS values were found to be lowest at 1st month and highest at 12st months. In
terms of monthly periods, ITS values of S and SK type core samples were more than N and NK

Figure 10. The change of stability in different period [35].

Figure 11. The change of the stiffness modules in different period [35].
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type of core samples. It was realized the lowest values in the N type and the highest values in the
SK type. The increase of samples from 1st to the 12th month were seen 42.68% NK, 49.89% N,
20.4% SK and 26.93% S type of samples, respectively.

The change of fatigue strength in different period is given in Figure 13.

In Figure 13, it was observed that the loading repetition required for the samples to reach
a level of deformation of about 2 mm was significantly increased using the SBS additive
material. It was seen that the maximum loading repetition number (Nmax) values were
increased after time period. The fatigue resistance of the samples with neat was lower than
the SBS ones. The lowest deformation was gained from SK type samples. In the same manner,
the highest Nmax values were achieved from SK type samples. It was clearly understood that

Figure 12. The change of the indirect tensile strengths in different period [35].

Figure 13. The change of fatigue strength in different period [35].
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the flexibility of bituminous hot mixtures decreased after aging and for this reason a more
brittle fracture may occupy [35].

7.2. Numeric analyses result

FEM models have been solved to determine the Von Mises stresses besides vertical deforma-
tions in super structures of the road, as well.

The FEM models of the Von Mises stresses for one of sample material is given in Figure 14.

Numerical analysis was done by applying the finite element method on the super-structure of
the road. Von Mises Stress properties of the road super-structure are evaluated in Figure 15.

Figure 14. Von Mises FEM model [34].

Figure 15. Von Mises tension-time changes of the super-structure of the road [34].
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According to Figure 15; the highest Von Mises tensions were occurred the coating layer and
the lowest values were observed in the base layer. It is fixed that The Von Mises tensions
increased in the coating layer within 1 year period. It has been determined that the highest
Von Mises tension were in SK type road coating whereas, the lowest Von Mises tensions were
in N type coating. The Von Mises tensions of base layer indicated similarity properties and no
significant changes were observed [34].

Vertical deformation (y)-time changes of the super-structure of the road is given in Figure 16.

When Figure 16 is evaluated, it is seen that the highest vertical deformations are found at the base
and lower base layers and the lowest deformations are found at the coating layer. Within a year,
there have been small deviations in the amount of deformation. The amounts of deformation
were confirmed as 0.014492 mm in SK-type, and 0.0145 mm in NK-type in the 12th month [34].

Von Misses stress and vertical deformation function and R2 values are submitted in Table 10.

Figure 16. Vertical deformation (y)-time changes of the super-structure of the road [34].

Layer types Regression models Function type

Von Mises stress function R2 Vertical deformation function R2

Coating SK y = 0,0001x2 + 0,0021x + 0,0101 0,977 y = 1E-06x2–0,0001x + 0,0199 0,9678

S y = �3E-05x2 + 0,003x + 0,0088 0,9583 y = �0,0001x + 0,0199 0,9329

NK y = 0,0099e0,1654x 0,9291 y = 8E-06x2–0,0002x + 0,02 0,8994

N y = 0,0001x2 + 0,0019x + 0,0092 0,9095 y = �0,0001x + 0,0199 0,8744

Base SK y = 6E-07x2�3E-05x + 0,0059 0,9683 y = �0,0001x + 0,0199 0,9686

S y = �4E-07x2�3E-05x + 0,0059 0,929 y = �3E-06x2�1E-04x + 0,0199 0,9301

NK y = �7E-05x2 + 0,0003x + 0,0057 0,4428 y = 6E-06x2–0,0001x + 0,0199 0,9059

N y = 0,0012x2–0,0047x + 0,0096 0,9282 y = �3E-06x2�9E-05x + 0,0199 0,8785
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When Table 10 is examined, It is understood that R2 values are close to 1 for all road layers. It
has been inferred that numerical analyzes have supported empirical studies because of the
strong relationship [34].

8. Conclusion

It came out that the performance characteristics of the SBS-added the HMA are improved
due to the use of the SBS polymer material as compared to the unmodified ones. This is
because when the SBS polymer is used, the adhesion between the aggregates increases. It has
been seen that the flexible structure of asphalt is stiffened due to environmental conditions
due to oxidation, which is caused by temperature changes and precipitation during trans-
portation, storage, mixing and production processes. In addition to, as the air void ratio
increases, the hardening time decreases due to air contact. The hardening of the asphalt road
coating was found to be higher in the coating without additive material and it was appeared
that the polymer increased the deformation resistance at high temperatures and increased
the tendency to fracture at low temperatures.

Analytical calculations from different material types and different strata in the flexible
road coating are complex. The traffic loads and the distribution of pressure on the
superstructures of the roads are varied, and different materials are used on each layer,
and therefore the mechanical properties and the load distribution ability vary. Climate
and various environmental conditions affect the road. Because of these reasons, empirical
studies must be promoted with numerical analyzes to establish performance characteris-
tics of the road.
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Layer types Regression models Function type

Von Mises stress function R2 Vertical deformation function R2

sub base SK y = 5E-06x2–0,0001x + 0,0111 0,9683 y = 2E-06x2�5E-05x + 0,0147 0,9645

S y = 5E-06x2–0,0001x + 0,0111 0,946 y = �1E-06x2�4E-05x + 0,0147 0,923

NK y = 3E-06x2–0,0001x + 0,0111 0,8963 y = 7E-07x2�5E-05x + 0,0147 0,8528

N y = �2E-07x2�9E-05x + 0,0111 0,8926 y = 2E-05x2–0,0002x + 0,0147 0,9271

Table 10. Function and regression analyses of the relation between the super-structures of the road vertical deformation
time [34].
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Abstract

Asphaltenes are the molecular components of Asphalts and have polyaromatic hydrocar-
bon (PAH) structures similar to nanographenes. Thus, organic-based dye sensitized solar 
cells can be produced from asphaltenes. In addition, graphene based structures doped 
with transition metals can be synthesized from asphaltenes. These materials are simple 
to synthesize and inexpensive relative to other methods for doping graphene. Thus, what 
is considered a “Waste Material - Tar” can now be utilized in several important applica-
tions. These novel materials from asphaltene are also termed Discotic Liquid Crystals 
(DLC) and now have great potential in many areas, because of novel and valuable prop-
erties, easy synthesis and low cost.

Keywords: synthetic asphaltene, organic photovoltaics (OPVs), polyaromatic 
hydrocarbons (PAHs), discotic liquid crystals (DLCs), dye sensitized solar cells (DSSC), 
light harvesting molecules, nanographene, doped graphene

1. Introduction

Carbon-based systems including polymers, nanotubes, graphene and quantum dots are active 
materials in electronic, photonic or magnetic devices. Their properties depend on chemical 
structure and size and thus they can be chemically or physically tuned. Extended π-conjugated 
scaffolds that can be decorated with functional groups are the main feature related in these 
structures. Their functionalization can be optimized in order to facilitate their self-assembly 
into highly ordered supramolecular architectures, that are driven by non-covalent π – π 
stacking interaction, hydrogen bonding, etc. Small molecules which can be characterized by 
their π-conjugated networks (pyrenes, pentacenes, coronenes, polythiophenes, etc.) possess 
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electronic bandgaps that are well defined and shapes such as fibers, nanocrystals or uniform 
monolayers which enable molecular self-assembly into highly ordered low-dimensional 
architectures. Conjugated molecules have been explored for use in organic electronics and 
vary widely, however conjugated discotic materials and their self-assembly have been of 
interest to researchers due to their unique liquid crystalline properties [1, 2].

Experiments done in the mid and late 1990s demonstrated individual molecules can possess 
physical phenomena which previously thought to have been limited to semiconductors and 
revolutionized the material science. In 1996, it was still questionable whether or not indi-
vidual molecules could actually conduct electricity but experiments performed from 1995 to 
1997 [3–8] determined that individual molecules can conduct and also switch small electrical 
currents [9–13]. These revolutionary works demonstrated the use and assembly of molecular 
electronic devices using aromatic organic molecules, nanotubes, biomolecules or nanowires 
(Table 1) but more importantly, they gave the promise of low cost, carbon-based electronics 
at the smallest of scales which could be printed onto plastic.

2. Asphaltene and synthetic asphaltene: the theoretical platform

Asphaltenes are a relatively exotic class of hydrocarbon component in crude oils [15, 51]. 
Naturally occurring crude oil contains an enormous range of compounds that spans hydro-
carbon compositions from dry natural gas to tar. The density and viscosity increases dramati-
cally and color changes from clear to deep brown as asphaltene content increases from 0 to 
nearly 20% across that range. Researchers agree that the asphaltene structure is comprised of 
some carbon and hydrogen atoms which are bound in ring-like, aromatic groups, and also 
contains the heteroatoms. Alkane chains and cyclic alkanes include the rest of the carbon and 
hydrogen atoms, linked to ring groups. Within this arrangement, asphaltenes exhibit a range 
of molecular weight and composition. These characteristics of asphaltenes are acceptable to 
nearly all researchers and specialists, but leaves sufficient room for discussion regarding the 
structure or size of individual asphaltene molecules.

Extensively studied by Chianelli et al., asphaltene structure has been shown to have a structure 
similar to that of the synthetic compound tetraoctyl carboxylate perylene (TOPC) [16]. X-ray 
diffraction (XRD) studies performed on TOPC (shown in Figure 1) differentiate two peaks 

Device Area

Cross sectional (nm2)

Current density

(electrons/nm2-sec)

1 mm copper wire 3 × 1012 2 × 106

Polyphenylene wire 0.05 4 × 1012

Carbon nanotube 3 2 × 1011

Table 1. Current density of molecular wires expressed in nanoscale units compared to current density of macroscopic 
copper [14].
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that can determine distinction between alkane chains and stacked aromatic cores. Using these 
synthetic structures as a model, the structure of asphaltene before and after thermal process-
ing was explored using XRD and the results show that the production of coke is actually 

Figure 1. X-ray diffraction of asphaltene –high aromatic vacuum residue (HAVR) compared to synthetic molecule 
tetraoctyl carboxylate perylene (TOPC) [16].

Figure 2. Infrared spectra of the TOCP precursor, synthetic asphaltene and HAVR (heavy Arab vacuum reside) 
asphaltene showing the significant similarity between the synthetic and the HAVR asphaltene [16].
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the self-assembly of stacked aromatic cores. This work helped researchers understand the 
fundamental physical characteristics and the process of coke formation through self-assembly 
using of synthetic asphaltene.

When the temperatures increased above 350°C during thermal processing, the aliphatic ester 
of TOCP becomes the weakest region for thermal cleavage. When temperature reaches above 
420°C in the absence of oxygen, TOCP completely thermally converts into a sea of free radicals 
containing aromatic cores and long-chain alkyl fragments. After Chianelli et al. successfully 
prepared synthetic asphaltene, the Infrared (IR) spectrum of TOCP, synthetic asphaltene, and 
HVAR (Heavy Arab Vacuum Residuum) were compared (Figure 2) and it is clear that absorp-
tion bands of synthetic asphaltene match well with band position and intensity of the IR 
spectrum of HVAR [17]. The comparison in chemical properties between synthetic asphaltene 
and HVAR illustrated in Table 2.

3. Organic photovoltaics using asphaltenes

3.1. Introduction to organic photovoltaics

The photovoltaic effect represents the generation of a potential difference at the junction of 
two different materials in response to various forms of radiation. The whole field of convert-
ing solar energy into electricity is the field of “photovoltaics” [18]. The photovoltaic process 
combines four stages which comprise the following: (1) light absorption, (2) charge genera-
tion, (3) charge transport, and (4) charge collection [19]. When the material has a semicon-
ducting property that responds to incident waves, the first stage light absorption occurs. The 
absorption characteristic of the material is based on the intrinsic extinction coefficient and the 
band gap of the semiconducting material. Once light has absorbed by a material, the second 
stage occurs. As the incident photon hits electrons at the ground state, inorganic semiconduc-
tors generate free carriers (i.e. holes and electrons) and charge generation ensues. However, 
in organic semiconductors, excited electrons form an exciton, which is a bounded electron 
and hole pair. To make an efficient organic photovoltaic cell, the dissociation of excitons is an 
important matter as the binding energy of the exciton is relatively large (0.3 eV) [20].

Dye sensitized solar cells (DSSC) are low cost alternatives for the conventional solar cells, and 
commercially promising because of the promise of low-cost materials and roll-to-roll manu-
facturing. The DSSC can be classified as a photo electrochemical (PEC) solar cell because of its 
utilization of photons, charges, and electrolyte for its basic operation [21]. O’Regan and Grätzel 
built and demonstrated the first DSSC by 1991, [22] and attracted widespread academic and 

Chemical properties of synthetic asphaltene and HVAR

H/C % C Aromatic % C Aliphatic MW

Synthetic asphaltene 1.06 58 42 2750

HVAR asphaltene 1.10 33–45 55–65 1.000–10.00

Table 2. Comparison of some chemical properties of synthetic asphaltene and HVAR [16].
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industrial interest. Compared to conventional solar cells, DSSCs had the promise of easy fabri-
cation at a low-cost in environment friendly and have high-energy conversion efficiency [23]. 
One more advantage of DSSCs is that changes in temperature do not affect the performance, 
while temperature changes can affect the performance of conventional silicon solar cells [24].

Ooyama and Harima [30] have done an extensive literature review on the main requirements 
for efficient organic molecule (dye) used so far for DSSCs. Their conclusions are summarized 
in the following four statements:

1. The organic molecule (dye) should have a minimum of one anchoring group like COOH, 
–SO3H, –PO3H2, –OH for adsorption onto the TiO2 surface to provide a tightly held dye and 
suitable electron interaction between them.

2. To achieve efficient electron injection from the excited dye to the conduction band of 
the TiO2, the dye has to have an energy level of the lowest unoccupied molecular orbital 
(LUMO) which is higher (more negative) than that of the conduction band of the TiO2 elec-
trode. However, the energy level of the highest occupied molecular orbital (HOMO) of the 
dye must be lower (more positive) than the I3

−/I− redox potential in the electrolyte to achieve 
efficient regeneration of the oxidized state by electron transfer from I3

−/I− redox couple.

3. The organic molecule should have high molar absorption coefficients over the wide region 
of sunlight extending into near infra-red, to provide a large photocurrent to give the high 
light harvesting efficiency.

4. To achieve a stable DSSC, the organic molecule should have chemical stability in its photo 
excited state and the redox reactions throughout the reaction cycle.

Dye molecules (sensitizers) are the key component of a DSSC that increase efficiency through 
their abilities to absorb visible light photons Despite the fact that the highest efficiency of a dye 
sensitized solar cells is achieved from a combined effect of numerous physiochemical nanoscale 
properties, the main focus in these studies is the dye sensitization of large band-gap semicon-
ductor electrodes. In DSSCs, this is accomplished by coating the internal surfaces of porous 
TiO2 electrodes with dye molecules specifically tuned to absorb the incoming photons [23]. The 
dye is the light absorber and the photoreceptor sensitizing the semiconductor and so some con-
ditions must be fulfilled. Without a doubt, a dye that absorbs nearly all the sunlight radiation 
incident on earth, like a black-body absorber, is highly desirable. Organic dyes consisting of 
natural pigments and synthetic organic dyes have a donor-acceptor structure called push-pull 
design, which improves the absorption in red and infrared region by increasing short circuit 
current density. Natural pigments, like chlorophyll, carotene, and anthocyanin, are available in 
plant leaves, flowers, and fruits and fulfill these requirements. Experimental results showing 
that natural-dye sensitized solar cells achieved the efficiency of 7.1% and high stability [24].

Co-sensitization, the use of two dyes combination that complements each other in their spec-
tral features is another strategy to get a broad optical absorption expanding throughout the 
visible and near IR region. This strategy enhances photo-absorption through optical effects 
which allow the two sensitizers to be additive. In particular, there was no negative interfer-
ence between co-adsorbed chromophores, making way for testing a multitude of other dye 
combinations [25].
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tion, (3) charge transport, and (4) charge collection [19]. When the material has a semicon-
ducting property that responds to incident waves, the first stage light absorption occurs. The 
absorption characteristic of the material is based on the intrinsic extinction coefficient and the 
band gap of the semiconducting material. Once light has absorbed by a material, the second 
stage occurs. As the incident photon hits electrons at the ground state, inorganic semiconduc-
tors generate free carriers (i.e. holes and electrons) and charge generation ensues. However, 
in organic semiconductors, excited electrons form an exciton, which is a bounded electron 
and hole pair. To make an efficient organic photovoltaic cell, the dissociation of excitons is an 
important matter as the binding energy of the exciton is relatively large (0.3 eV) [20].

Dye sensitized solar cells (DSSC) are low cost alternatives for the conventional solar cells, and 
commercially promising because of the promise of low-cost materials and roll-to-roll manu-
facturing. The DSSC can be classified as a photo electrochemical (PEC) solar cell because of its 
utilization of photons, charges, and electrolyte for its basic operation [21]. O’Regan and Grätzel 
built and demonstrated the first DSSC by 1991, [22] and attracted widespread academic and 

Chemical properties of synthetic asphaltene and HVAR

H/C % C Aromatic % C Aliphatic MW

Synthetic asphaltene 1.06 58 42 2750

HVAR asphaltene 1.10 33–45 55–65 1.000–10.00

Table 2. Comparison of some chemical properties of synthetic asphaltene and HVAR [16].
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industrial interest. Compared to conventional solar cells, DSSCs had the promise of easy fabri-
cation at a low-cost in environment friendly and have high-energy conversion efficiency [23]. 
One more advantage of DSSCs is that changes in temperature do not affect the performance, 
while temperature changes can affect the performance of conventional silicon solar cells [24].

Ooyama and Harima [30] have done an extensive literature review on the main requirements 
for efficient organic molecule (dye) used so far for DSSCs. Their conclusions are summarized 
in the following four statements:

1. The organic molecule (dye) should have a minimum of one anchoring group like COOH, 
–SO3H, –PO3H2, –OH for adsorption onto the TiO2 surface to provide a tightly held dye and 
suitable electron interaction between them.

2. To achieve efficient electron injection from the excited dye to the conduction band of 
the TiO2, the dye has to have an energy level of the lowest unoccupied molecular orbital 
(LUMO) which is higher (more negative) than that of the conduction band of the TiO2 elec-
trode. However, the energy level of the highest occupied molecular orbital (HOMO) of the 
dye must be lower (more positive) than the I3

−/I− redox potential in the electrolyte to achieve 
efficient regeneration of the oxidized state by electron transfer from I3

−/I− redox couple.

3. The organic molecule should have high molar absorption coefficients over the wide region 
of sunlight extending into near infra-red, to provide a large photocurrent to give the high 
light harvesting efficiency.

4. To achieve a stable DSSC, the organic molecule should have chemical stability in its photo 
excited state and the redox reactions throughout the reaction cycle.

Dye molecules (sensitizers) are the key component of a DSSC that increase efficiency through 
their abilities to absorb visible light photons Despite the fact that the highest efficiency of a dye 
sensitized solar cells is achieved from a combined effect of numerous physiochemical nanoscale 
properties, the main focus in these studies is the dye sensitization of large band-gap semicon-
ductor electrodes. In DSSCs, this is accomplished by coating the internal surfaces of porous 
TiO2 electrodes with dye molecules specifically tuned to absorb the incoming photons [23]. The 
dye is the light absorber and the photoreceptor sensitizing the semiconductor and so some con-
ditions must be fulfilled. Without a doubt, a dye that absorbs nearly all the sunlight radiation 
incident on earth, like a black-body absorber, is highly desirable. Organic dyes consisting of 
natural pigments and synthetic organic dyes have a donor-acceptor structure called push-pull 
design, which improves the absorption in red and infrared region by increasing short circuit 
current density. Natural pigments, like chlorophyll, carotene, and anthocyanin, are available in 
plant leaves, flowers, and fruits and fulfill these requirements. Experimental results showing 
that natural-dye sensitized solar cells achieved the efficiency of 7.1% and high stability [24].

Co-sensitization, the use of two dyes combination that complements each other in their spec-
tral features is another strategy to get a broad optical absorption expanding throughout the 
visible and near IR region. This strategy enhances photo-absorption through optical effects 
which allow the two sensitizers to be additive. In particular, there was no negative interfer-
ence between co-adsorbed chromophores, making way for testing a multitude of other dye 
combinations [25].
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To increase improvement of the performance of DSSC, different kinds of additives have been 
added into dye solutions. For example, Kay and Grätzel found that the addition of cholic acid 
(CA) with porphyrin derivatives improved both the photocurrent and photovoltage of the 
solar cell [26]. Additionally, other co-adsorbents such as hexadecylmalonic acid (HDMA) [27], 
deoxycholic acid (DCA) [28], and chenodeoxycholic acid (CDCA) [29] were also used in the 
dye solution when fabricating sensitized TiO2 films into devices, among which CDCA is the 
most popular co-adsorbent.

Dye aggregation on the TiO2 surface should be avoided. This aggregation leads to reduction 
in electron-injection yield from the dyes to the CB of the TiO2 due to intermolecular energy 
transfer causing low conversion efficiency of the DSSC [30]. The main parts of the dye sensi-
tized solar cell are illustrated schematically in Figure 3. The transparent and counter conduct-
ing electrodes, wide bandgap semiconducting nanostructured layer, the sensitizer, and the 
electrolyte are the main four elements of the cell. The transparent conducting electrode and 
counter-electrode are coated with a conductive and transparent thin film such as fluorine 
doped tin dioxide (SnO2) [31].

The photocurrent density calculated at short circuit (JSC) the open-circuit photovoltage (Voc) 
the fill factor (FF), and the power of the incident light (Pin) are used to determine the total 
conversion efficiency (%η) of the dye-sensitized solar cell. These values can be taken from 
the photocurrent density-voltage characteristics (IV curves) under full sunlight (Pin = 100 
mWcm−2). The relationship between voltage (V) and current (I) is determined by varying the 
resistance of the outer circuit and considered JSC when resistance of the outer circuit is zero 
(thus voltage is zero) and Voc when resistance is maximum (thus photocurrent is zero). The 
power output of the device equals the product of J and V, and the fill factor states the effi-
ciency of the device compared to that of an ideal cell. Pmax relates to the maximum value that 
can reach the output power and is usually reported as the output power of the commercial 
device. The performance of DSSC can be projected using the following Equations [32]: (101)

  η  (%)  =   Jsc ∗ Voc ∗ FF ___________ Pin    (1)

where:

  FF =   Jm Vm ___________ Jsc Voc    (2)

3.2. Results: The resurrection of an ancient leaf

Dr. Rajab E. Abujnah built the first ever asphaltene DSSC (dye-sensitized solar cell) as a grad-
uate student in the lab of Dr. Chianelli, which demonstrated a photo-conversion efficiency 
(PCE) of 1.8%. Four natural organic asphaltene fractions were extracted and tested as dyes 
using various parameters with TiO2 based dye-sensitized solar cell DSSC. The photovoltaic 
performance of the cells was determined by parameters such as open-circuit voltage (Voc), 
short-circuit current (Isc), fill factor (FF), and series resistance. The overall energy conversion 
efficiency was also measured to correlate the different effects of asphaltene fraction as well as 
concentration and influence on the improvement of the solar cell parameters.

Modified Asphalt46

The sensitization of TiO2 electrode using asphaltene obtained with a 90/10 ratio of toluene to 
pentane ratio resulted in an energy conversion efficiency of 1.8%. Un-fractionated asphaltene 
was shown to produce comparable results as Fraction 3 as sensitizer in DSSC. A strategy to 
minimize series resistance, improve photo current and open circuit voltage was also studied. 
Purifying asphaltene using the RTV mask, employing the TiO2 compact layer, in addition to 
UV-Ozone cleaning treatment of the transparent electrode have been shown to improve the 
performance of asphaltene DSSCs [33].

The asphaltene dye covered TiO2 electrode and Pt-counter electrode were assembled into a 
sandwich type and assembled with using a binder clamps as shown in Figure 4. The clamps 
used to attach the two electrodes and to provide space for the electrolyte between two elec-
trodes. Sealant also can be used to assemble the sandwich of electrodes. It is can be used to 
prevent leakage of electrolyte. For good results, sealant was put between two electrodes and put 
under the hot press machine. Temperature and pressure were adjusted and then the hot press 
was heated up to join both electrodes by using the sealant. A drop of the electrolyte solution was 

Figure 3. Schematic of the structure of the dye sensitized solar cell.

Figure 4. Completed synthetic asphaltene DSSC.
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To increase improvement of the performance of DSSC, different kinds of additives have been 
added into dye solutions. For example, Kay and Grätzel found that the addition of cholic acid 
(CA) with porphyrin derivatives improved both the photocurrent and photovoltage of the 
solar cell [26]. Additionally, other co-adsorbents such as hexadecylmalonic acid (HDMA) [27], 
deoxycholic acid (DCA) [28], and chenodeoxycholic acid (CDCA) [29] were also used in the 
dye solution when fabricating sensitized TiO2 films into devices, among which CDCA is the 
most popular co-adsorbent.

Dye aggregation on the TiO2 surface should be avoided. This aggregation leads to reduction 
in electron-injection yield from the dyes to the CB of the TiO2 due to intermolecular energy 
transfer causing low conversion efficiency of the DSSC [30]. The main parts of the dye sensi-
tized solar cell are illustrated schematically in Figure 3. The transparent and counter conduct-
ing electrodes, wide bandgap semiconducting nanostructured layer, the sensitizer, and the 
electrolyte are the main four elements of the cell. The transparent conducting electrode and 
counter-electrode are coated with a conductive and transparent thin film such as fluorine 
doped tin dioxide (SnO2) [31].

The photocurrent density calculated at short circuit (JSC) the open-circuit photovoltage (Voc) 
the fill factor (FF), and the power of the incident light (Pin) are used to determine the total 
conversion efficiency (%η) of the dye-sensitized solar cell. These values can be taken from 
the photocurrent density-voltage characteristics (IV curves) under full sunlight (Pin = 100 
mWcm−2). The relationship between voltage (V) and current (I) is determined by varying the 
resistance of the outer circuit and considered JSC when resistance of the outer circuit is zero 
(thus voltage is zero) and Voc when resistance is maximum (thus photocurrent is zero). The 
power output of the device equals the product of J and V, and the fill factor states the effi-
ciency of the device compared to that of an ideal cell. Pmax relates to the maximum value that 
can reach the output power and is usually reported as the output power of the commercial 
device. The performance of DSSC can be projected using the following Equations [32]: (101)

  η  (%)  =   Jsc ∗ Voc ∗ FF ___________ Pin    (1)

where:

  FF =   Jm Vm ___________ Jsc Voc    (2)

3.2. Results: The resurrection of an ancient leaf

Dr. Rajab E. Abujnah built the first ever asphaltene DSSC (dye-sensitized solar cell) as a grad-
uate student in the lab of Dr. Chianelli, which demonstrated a photo-conversion efficiency 
(PCE) of 1.8%. Four natural organic asphaltene fractions were extracted and tested as dyes 
using various parameters with TiO2 based dye-sensitized solar cell DSSC. The photovoltaic 
performance of the cells was determined by parameters such as open-circuit voltage (Voc), 
short-circuit current (Isc), fill factor (FF), and series resistance. The overall energy conversion 
efficiency was also measured to correlate the different effects of asphaltene fraction as well as 
concentration and influence on the improvement of the solar cell parameters.
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The sensitization of TiO2 electrode using asphaltene obtained with a 90/10 ratio of toluene to 
pentane ratio resulted in an energy conversion efficiency of 1.8%. Un-fractionated asphaltene 
was shown to produce comparable results as Fraction 3 as sensitizer in DSSC. A strategy to 
minimize series resistance, improve photo current and open circuit voltage was also studied. 
Purifying asphaltene using the RTV mask, employing the TiO2 compact layer, in addition to 
UV-Ozone cleaning treatment of the transparent electrode have been shown to improve the 
performance of asphaltene DSSCs [33].

The asphaltene dye covered TiO2 electrode and Pt-counter electrode were assembled into a 
sandwich type and assembled with using a binder clamps as shown in Figure 4. The clamps 
used to attach the two electrodes and to provide space for the electrolyte between two elec-
trodes. Sealant also can be used to assemble the sandwich of electrodes. It is can be used to 
prevent leakage of electrolyte. For good results, sealant was put between two electrodes and put 
under the hot press machine. Temperature and pressure were adjusted and then the hot press 
was heated up to join both electrodes by using the sealant. A drop of the electrolyte solution was 

Figure 3. Schematic of the structure of the dye sensitized solar cell.

Figure 4. Completed synthetic asphaltene DSSC.
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injected into the hole in the back of the counter electrode and to prevent leakage of electrolyte, 
the hole was covered by tape. The electrolyte was introduced into the cell by using vacuum.

Synthetic asphaltene has shown experimental evidence and preliminary results to suggest 
it can fulfill the requirements of organic semiconductors due its ability to absorb visible 
light. It was also found that this material can be adsorbed easily on the surface of the nano-
crystalline particles TiO2, therefore synthetic asphaltene is an excellent candidate for use 
in DSSC. Dr. Hassan Sharif experimented with synthetic asphaltene samples subsequently 
to Dr. Abujnah and applied as-synthesized asphaltenes into various solar cells with differ-
ent parameters in the TiO2 layer of the DSSC. DSSCs were fabricated using the synthetic 
asphaltene as dye.

To further research and optimize the cells, Porphyrin was added to the synthetic asphaltene 
to improve the efficiency of the cell. Porphyrin is already used as organic dye in DSSC. The 
new compound is prepared in the lab by dissolving the same ratio of synthetic asphaltene 
with free metal Porphyrin in Toluene for 24 hrs under heating; the mixture was kept under 
the hood to evaporate the Toluene. The final product was collected and used in this experi-
ment. The table below shows the effects of mixing Porphyrin with synthetic asphaltene on the 
conversion efficiency of synthetic asphaltene dye. From the table it is clear that the new dye 
is increasing both current density JSC and VOC, and then increasing the performance efficiency.

Asphaltene has shown to be able to produce voltage, and according to the results outlined 
in Table 3, could be considered a good candidate in photovoltaic in part, due to its low cost 
[34]. New material was prepared by dissolving synthetic asphaltene and crude oil asphaltene. 
This asphaltene was extracted from crude oil asphaltene and purified by using Toluene. Real 
asphaltene was dissolved with synthetic asphaltene in Toluene in the ration of 1:1 and kept 
for 24 hours for dissolving under heating. The solvent kept under the hood until the Toluene 
completely evaporated, and the solid product was collected and used for the experiment.

During his work with synthetic asphaltene as new dye in the fabrication of DSSC, Dr. Sharif 
noticed some precipitates when synthetic asphaltene dissolved in Toluene. These precipi-
tates prevent the good absorbance of synthetic asphaltene dye into the surface of TiO2. So, 
synthetic asphaltene was filtrated to remove any impurities. The table below compares the 

Experiment Open current 
Voltage

Short Circuit Current 
(mA/cm2)

Fill Factor 
%

PCE (%)

Synthetic asphaltene mixed with porphyrin and 
dissolved in toluene

0.429 6.57 54 1.85

Real Asph. mixed with synthetic asphaltene 0.435 7.28 46 1.40

Unpurified synthetic asphaltene 0.445 4.19 56 1.0

Purified synthetic asphaltene 0.455 7.05 61 1.83

Purified synthetic asphaltene with 
chenodeoxycholic acid (CDCA)

0.506 7.00 0.61 2.08

Table 3. The performance of synthetic asphaltenes in DSSCs using different parameters.
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results before and after purifying the synthetic asphaltene. There is a high increase in the 
current density and also fill factor, but the small increase in the voltage. The efficiency was 
improved from 1.0 to 1.83% which illustrates the importance of processing parameters on 
devices performance and optimization.

The effects of chenodeoxycholic acid (CDCA) in a dye solution as a co-adsorbent on the photo-
voltaic performance of dye-sensitized solar cells (DSSCs) based organic dye containing purified 
synthetic asphaltene dye was also studied. It was observed that the co-adsorption of CDCA 
can eliminate and reduce the formation of dye aggregates and improve electron injection yield 
and thus, the short-circuit current (Jsc). This has also led to a rise in photovoltage, which is 
attributed to the decrease of charge recombination. The DSSC, based on synthetic asphaltene 
dye with CDCA, overall conversion efficiency was further improved to 2.0% (Jsc = 7.00 mA/
cm2, Voc = 0.506 V, FF = 0.61) upon addition of 1:1 ratio of CDCA to the dye solution.

3.3. Summary and discussion

In general, we can conclude from these studies that asphaltene was successfully prepared 
in the lab and the characterization results were similar as in the literatures. Even primary 
results show that synthetic asphaltene has good ability to absorb sunlight, but the results 
of the first use of synthetic asphaltene in DSSC were not satisfied. More work was carried 
during the study to increase the performance efficiency from 0.4 to 2.0%. We conclude also 
synthetic asphaltene can give good results by adding some additives, but it also can improve 
the conversion efficiency just by purifying process which increase efficiency from 1.0 up to 
1.83%. Instead of additives, there is another parameters can increase the efficiency of synthetic 
asphaltene as dye in DSSC for example, the number of layers of the paste and using UV-O 
treatment. Therefore, a total overall efficiency of 3.5–5.0% could be easily attained with good 
engineering design and material process.

The first result obtained with using synthetic asphaltene as dye was 0.4%. The maximum PCE 
obtained using synthetic asphaltene as dye after adjusting some variables and adding some 
additives reached 2.0%. The benefit to this study and in using synthetic material will help 
researchers to find new and inexpensive dyes as well as to understand better the characteriza-
tion of crude oil asphaltene [35].

4. Doped graphene from asphaltene

4.1. Introduction to doped graphene applications

The electronic and magnetic properties of graphene can be modified through combined 
transition-metal (TM) and nitrogen decoration of vacancies. Additional modes of function-
alization that are currently being explored for a wide range of applications in nanoelectron-
ics [36–38], spintronics [39] and electrocatalysts [40]. Researchers previously discovered that 
TMs bind to graphene strongly in a porphyrin ring coordinated by four nitrogens [41]. The 
stability in the presence of the defects associated with TMs can be attributed to the reduced 
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injected into the hole in the back of the counter electrode and to prevent leakage of electrolyte, 
the hole was covered by tape. The electrolyte was introduced into the cell by using vacuum.

Synthetic asphaltene has shown experimental evidence and preliminary results to suggest 
it can fulfill the requirements of organic semiconductors due its ability to absorb visible 
light. It was also found that this material can be adsorbed easily on the surface of the nano-
crystalline particles TiO2, therefore synthetic asphaltene is an excellent candidate for use 
in DSSC. Dr. Hassan Sharif experimented with synthetic asphaltene samples subsequently 
to Dr. Abujnah and applied as-synthesized asphaltenes into various solar cells with differ-
ent parameters in the TiO2 layer of the DSSC. DSSCs were fabricated using the synthetic 
asphaltene as dye.

To further research and optimize the cells, Porphyrin was added to the synthetic asphaltene 
to improve the efficiency of the cell. Porphyrin is already used as organic dye in DSSC. The 
new compound is prepared in the lab by dissolving the same ratio of synthetic asphaltene 
with free metal Porphyrin in Toluene for 24 hrs under heating; the mixture was kept under 
the hood to evaporate the Toluene. The final product was collected and used in this experi-
ment. The table below shows the effects of mixing Porphyrin with synthetic asphaltene on the 
conversion efficiency of synthetic asphaltene dye. From the table it is clear that the new dye 
is increasing both current density JSC and VOC, and then increasing the performance efficiency.

Asphaltene has shown to be able to produce voltage, and according to the results outlined 
in Table 3, could be considered a good candidate in photovoltaic in part, due to its low cost 
[34]. New material was prepared by dissolving synthetic asphaltene and crude oil asphaltene. 
This asphaltene was extracted from crude oil asphaltene and purified by using Toluene. Real 
asphaltene was dissolved with synthetic asphaltene in Toluene in the ration of 1:1 and kept 
for 24 hours for dissolving under heating. The solvent kept under the hood until the Toluene 
completely evaporated, and the solid product was collected and used for the experiment.

During his work with synthetic asphaltene as new dye in the fabrication of DSSC, Dr. Sharif 
noticed some precipitates when synthetic asphaltene dissolved in Toluene. These precipi-
tates prevent the good absorbance of synthetic asphaltene dye into the surface of TiO2. So, 
synthetic asphaltene was filtrated to remove any impurities. The table below compares the 

Experiment Open current 
Voltage

Short Circuit Current 
(mA/cm2)

Fill Factor 
%

PCE (%)

Synthetic asphaltene mixed with porphyrin and 
dissolved in toluene

0.429 6.57 54 1.85

Real Asph. mixed with synthetic asphaltene 0.435 7.28 46 1.40

Unpurified synthetic asphaltene 0.445 4.19 56 1.0

Purified synthetic asphaltene 0.455 7.05 61 1.83

Purified synthetic asphaltene with 
chenodeoxycholic acid (CDCA)

0.506 7.00 0.61 2.08

Table 3. The performance of synthetic asphaltenes in DSSCs using different parameters.
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results before and after purifying the synthetic asphaltene. There is a high increase in the 
current density and also fill factor, but the small increase in the voltage. The efficiency was 
improved from 1.0 to 1.83% which illustrates the importance of processing parameters on 
devices performance and optimization.

The effects of chenodeoxycholic acid (CDCA) in a dye solution as a co-adsorbent on the photo-
voltaic performance of dye-sensitized solar cells (DSSCs) based organic dye containing purified 
synthetic asphaltene dye was also studied. It was observed that the co-adsorption of CDCA 
can eliminate and reduce the formation of dye aggregates and improve electron injection yield 
and thus, the short-circuit current (Jsc). This has also led to a rise in photovoltage, which is 
attributed to the decrease of charge recombination. The DSSC, based on synthetic asphaltene 
dye with CDCA, overall conversion efficiency was further improved to 2.0% (Jsc = 7.00 mA/
cm2, Voc = 0.506 V, FF = 0.61) upon addition of 1:1 ratio of CDCA to the dye solution.

3.3. Summary and discussion

In general, we can conclude from these studies that asphaltene was successfully prepared 
in the lab and the characterization results were similar as in the literatures. Even primary 
results show that synthetic asphaltene has good ability to absorb sunlight, but the results 
of the first use of synthetic asphaltene in DSSC were not satisfied. More work was carried 
during the study to increase the performance efficiency from 0.4 to 2.0%. We conclude also 
synthetic asphaltene can give good results by adding some additives, but it also can improve 
the conversion efficiency just by purifying process which increase efficiency from 1.0 up to 
1.83%. Instead of additives, there is another parameters can increase the efficiency of synthetic 
asphaltene as dye in DSSC for example, the number of layers of the paste and using UV-O 
treatment. Therefore, a total overall efficiency of 3.5–5.0% could be easily attained with good 
engineering design and material process.

The first result obtained with using synthetic asphaltene as dye was 0.4%. The maximum PCE 
obtained using synthetic asphaltene as dye after adjusting some variables and adding some 
additives reached 2.0%. The benefit to this study and in using synthetic material will help 
researchers to find new and inexpensive dyes as well as to understand better the characteriza-
tion of crude oil asphaltene [35].

4. Doped graphene from asphaltene

4.1. Introduction to doped graphene applications

The electronic and magnetic properties of graphene can be modified through combined 
transition-metal (TM) and nitrogen decoration of vacancies. Additional modes of function-
alization that are currently being explored for a wide range of applications in nanoelectron-
ics [36–38], spintronics [39] and electrocatalysts [40]. Researchers previously discovered that 
TMs bind to graphene strongly in a porphyrin ring coordinated by four nitrogens [41]. The 
stability in the presence of the defects associated with TMs can be attributed to the reduced 
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electrostatic repulsion between nitrogen lone-pair electrons due to the hybridization between 
N and TM. Results from DTF studies have predicted these types of structures to be particu-
larly promising candidates for graphene-based ferromagnets, which could find applications 
in nanoelectronics and nanomagnetism.

Graphene-type molecules, typically large polycyclic aromatic hydrocarbons (PAHs), have 
gained enormous interest because of their unique self-organization behavior and promising 
electronic properties for applications in organic electronics [42]. Asphaltene is a part of crude 
oils that contain a large number of structures, specifically high molecular weight bonded aro-
matic hydrocarbons components with hetero-atoms. Several metals (e.g., Ni, V, Fe, Al, Na, Ca, 
and Mg) shown to accumulate in the asphaltenes fraction of crude oil, typically in concentra-
tions less than 1% w/w [43–45]. Vanadium and nickel, the most abundant of the trace met-
als, present mainly as chelated porphyrin compounds, and they linked to catalyst poisoning 
during upgrading of heavy oils [46, 47]. The concentrations of other trace metals not bound 
in porphyrin structures (e.g., Fe, Al, Na, Ca, and Mg) indicated to change in deposits as a 
function of well depth [48], and among sub fractions of asphaltene.

Graphene produced from chemical vapor deposition is viable for use in technologies such as 
touch screens, sensors, transistors, novel optical/electronic/photonic devices such as IR cam-
eras, radiation shielding and camera lenses. Because they are expected to induce novel mag-
netic and superconducting behavior, TM adatoms and graphene are a topic of great interest 
are expected to induce novel magnetic and superconducting behavior. Because of this interest, 
there have been extensive theoretical studies but the experimental exploration of TM/graphene 
systems is very limited. Graphene with Boron and Nitrogen (BCN) is a sought after material 
due to the fact that graphene has no band gap [49]. Graphene in its single crystal form is a 
conductor, not a semi-conductor, so while it has amazing properties sought after by so many 
researchers, it has yet to make a significant impact on electronic industries for this reason. BCN 
is currently the subject of doped graphene research because it can be introduced by vapor. 
In contrast, TMs cannot be introduced by vapor. Even if they could be introduced at high 
temperatures, it has been determined that they would not be stable in an in-plan configuration 
due to the high differences in energy between TMs and carbon. Boron and Nitrogen both 
neighbor carbon on the periodic table and do not have a large differences in electron structure. 
As a carbon source, asphaltene is generated from waste crude oils and remains unsuitable for 
hydrocracking because of the presence of TMs. This study attempts to utilize that waste as a 
valuable source of metalloporphyrins for placing TMs doping graphene materials.

Asphaltene materials were extracted from crude using different n-alkanes and dissolved in tol-
uene for deposition. Asphaltene/toluene (1 mg/ml) solutions were then deposited using drop 
coating onto previously prepared copper foil and experiments proceeded according to Table 4. 
Experiment 1 deposited asphaltene onto copper using spin coating. A 4 inch tube furnace was 
used to anneal the material under a reducing environment (H2). The system was equipped with 
a turbo pump with a direct line-of-sight to the sample and the substrate and allowed for base 
pressures below 10−8 Torr. A turbo pump was used and all the flanges on the high vacuum side 
of the system were constructed with conflat flanges; capable of achieving ultra-high vacuum 
(UHV). Reaching low background pressures allowed the removal of residual gasses like water 

Modified Asphalt50

and oxygen from the system before growth. The use of a turbo pump also allowed for the sys-
tem to reach pressures low enough (below 10−5 Torr) to operate a residual gas analyzer (RGA) 
instrument. In a typical growth, the sample was loaded into the furnace and allowed to pump 
down using the turbo pump for 2 hours prior to heating and gas flow (Figure 5).

Raman was taken using Witec Alpha 300 micro-Raman confocal microscope after graphene 
had been transferred to SiO2/Si wafers. Scanning Electron Microscope (SEM) Images were 
taken using a FEI Quanta 650 SEM equipped with Bruker EDX system for chemical analysis. 
Optical Microscope images of asphaltenes were taken on copper foils before and after growth. 
Transfers were performed by spin coating polymer, dissolving copper foil and transferring 
graphene to SiO2/Si wafers. Zeiss Axiovert 100A Light Microscope was used to take images of 
asphaltenes before and after growth.

4.2. Single-layer asphaltene

Conditions for graphene growth were applied for all experiments. The resulting averaged 
Raman from all experiments show heavy carbonization and some graphitization of the solid 
carbon source. We were able to find metals in more than one sample of the post growth hep-
tane extracted asphaltene. When drop coating was used for application before the growth 
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electrostatic repulsion between nitrogen lone-pair electrons due to the hybridization between 
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experiment 1 exhibited the ratio of (> 2:1) 2D to G and D peaks that would indicate the pres-
ence of quality graphene rather than sp2 hybridized carbon.

Metals identified in post growth samples from experiment 1 and 2 included Al, Fe, Zr and 
adatoms included sulfur. Electron Diffraction X-ray (EDX) analysis was taken of the copper 
foil before any etching in Figure 7 and foil which had been sonicated in acetone before apply-
ing asphaltenes shows no metals or adatoms present before growth indicating that metals and 
adatoms indeed came from asphaltene samples. After growth, EDX spectra taken of sample 
from Experiment 1 show the presence of Aluminum and Iron.

To further study asphaltene adatoms, EDX elemental analysis was taken of synthetic asphal-
tene containing no metals applied to copper foil. Needless to say from data in Figure 8 no TM 
or adatoms could be found present after growth.

Images taken using optical microscope Figure 9 show copper coated with heptane extracted 
asphaltenes before and after Experiment 1 growth. There are clustered discotic structures 
before growth and curiously there are areas after growth that show clearly more than a few 
layers graphitized Figure 10. There are areas that can be seen where copper can be seen as 
clear orange from underneath sheets of graphitized carbon in Figure 9(c) and (d).

4.3. Summary

Because they are expected to induce novel magnetic and superconducting behavior, TM 
adatoms and graphene are a topic of great interest. There have been extensive theoretical 
studies because of these interesting properties but the experimental exploration of TM/
graphene systems is very limited. Graphene with Boron and Nitrogen (BCN) is a sought 
after material due to the fact that graphene has no band gap. Graphene in its single crystal 

Figure 6. Raman summary of experiment 1, 2 & 3.
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form is a conductor, not a semi-conductor, so while it has amazing properties sought 
after by so many researchers, it has yet to make a significant impact on electronic indus-
tries for this reason. BCN is currently being researched because it can be introduced by 
vapor. In contrast, TMs cannot be introduced by vapor. Even if they could be introduced 
at high temperatures, it has been determined that they would not be stable in an in-plan 
configuration due to the high differences in energy between TMs and carbon. Boron and 
Nitrogen both neighbor carbon on the periodic table and do not have a large difference 
in electron structure. Our carbon source generated from waste crude oils is unsuitable 
for hydrocracking because of the presence of TMs. We were able to utilize that waste as a 
valuable source of metalloporphyrins for placing TMs directly inside the graphene lattice.

Figure 7. EDX analysis (top left) of copper foil sonicated in acetone before application of solid carbon source with 
corresponding SEM image (bottom left) EDX elemental analysis respectively (top right) from SEM section (bottom right) 
from asphaltene extracted using heptane in Experiment 1.

Figure 8. EDX (left) copper with drop coated synthetic asphaltene (right) after growth.
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5. Conclusions

All electronic processes in nature occur using carbon-based molecular structures; from signal 
transduction in the brain all the way to photosynthesis in a leaf. Carbon Molecular Electronics 
(CMEs) as a field is the result of developments in an interdisciplinary field with increasing 
numbers of synthetic and quantum chemists, physicists and engineers. New devices have 
been designed and investigated for the exciting realization of CMEs for photovoltaics, transis-
tors, switches and other non-linear electronic components.

Figure 9. Optical microscope images of heptane asphaltene on copper foil from experiments before (a,b) and after growth (c,d).

Figure 10. Optical microscope image of experiment 1 transferred to SiO2/Si wafer with rips and wrinkles (left) compared 
to OM image of a graphene sheet (purple) on SiO2/Si wafer (pink). Arrows show wrinkles and tears in the material 
(right). (graphene provided courtesy Ruoff group at UT).

Modified Asphalt54

The results demonstrated in these works illustrate the use of asphaltene as a light-harvesting 
active molecular dye effectively in dye sensitized solar cells for application in the field of 
organic photovoltaics. Higher-power conversion efficiencies can be achieved by further opti-
mizing the device structure. In addition, they also show asphaltene as a promising candidate 
for doping multi-layer and potentially single layer graphene for future novel nanoscale mag-
netic or optoelectronic uses.
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Abstract

This chapter analyzes the fatigue failure of the asphalt concrete pavement of the highway 
on a macroscopic level. Based on the actual data, obtained on the sections of the real high-
ways, the principle was formulated for the staged fatigue failure of the asphalt concrete 
pavement. During the analysis of the existing classifications of the fatigue cracks, it was 
determined that in Kazakhstan, the stage behavior of the fatigue cracks was not consid-
ered, and in the USA, the relation between stages of failure was not established. Similarly 
to the known phenomena of self-organization in thermodynamics of irreversible pro-
cesses and dynamics of nonlinear systems (synergetics)—Benar’s effects and division of 
biological cell, it was proposed to consider the parts of the asphalt concrete pavement as 
the specific dissipative structures, occurring in critical conditions, and a new regularity 
of fatigue failure was formulated. The formulated regularity of the staged fatigue failure 
of the asphalt concrete pavement was explained based on the new proposed scheme of 
bifurcation with the use of the results of experimental determination of the occasional, 
cyclic, long-term and residual strength.

Keywords: asphalt concrete pavement, staged fatigue failure, consequential change of 
deformation types, asphalt concrete strength, self-organization, dissipative structures, 
bifurcation

1. Introduction

Fatigue is one of the main types of failure for the asphalt concrete pavement of a highway. As 
it determines, in association with other types of failure (rutting, low-temperature cracking), 
the service life of pavement in accordance with the requirements of standard document [1], 
all pavement structures of the highways of capital and lightweight types on the design stage 
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should be calculated for strength under the criterion of tensile bending strength of the cast-in-
situ (asphalt concrete) layers.

It is considered that the fatigue cracking on the asphalt concrete pavement of highways occurs 
at frequently repeated load impact of the vehicles’ wheels [2].

Hveem F.N. of the far abroad country has been one of the first researchers, who mentioned 
the phenomenon of fatigue in the asphalt concrete pavement of a highway [3]. The first inves-
tigations of the fatigue properties for the asphalt concretes in laboratory conditions were per-
formed by Sall R.N.J., Pell P.S., Taylor I.F. in the UK [4, 5] and Monismith C.L. in the USA [6].

The study of the fatigue of the asphalt concretes in the former Soviet Union was started by the 
works of Sall A.O. (Leningrad), Radovskiy B.S. (Kiev), Zolotaryov V.A. (Kharkov), Rudenskiy 
A.V. and Kalashnikova T.N. (Moscow) [7–11].

It was found out that the phenomenon of fatigue failure for the asphalt concrete pavement of 
a highway was a complex one. In spite of the fact that the specialists of many countries of the 
world have been studying the phenomenon to the present day, the issue of the fatigue life for 
the asphalt concretes and asphalt concrete pavement remains actual.

2. Field observation

Figure 1 represents the photos showing fatigue failure of the asphalt concrete pavement of 
Karagandy-Shakhtinsk highway. These photos show clearly that the fatigue failure occurs by 
stage: first, parallel quasi-straight line longitudinal cracks occur on the patch line, between 
which quasi-straight line asphalt concrete strips have been formed, and then these quasi-
straight line asphalt concrete strips are divided into cells of small sizes due to the occurrence 
of quasi-transversal cracks. Thus, in the considered case, the formation of a grid of alligator 

Figure 1. Fatigue failure of asphalt concrete pavement (860 km) of Karagandy-Shakhtinsk highway (Kazakhstan, 
Karagandy oblast, July, 2016).

Modified Asphalt62

cracks on the asphalt concrete pavement represents by itself a two-staged process, each of 
which has been realized during less or more prolonged period.

The fragments of another sequence for crack occurrence in the staged process of fatigue failure 
of alligator type on the asphalt concrete pavement are shown in Figures 2 and 3. As it is seen 
from Figure 2, there are only specific (separated from each other) quasi-parallel transverse 
cracks on the asphalt concrete pavement within the patch line. At first sight, they are similar 
to the low-temperature cracks. But that is not the case. The considered highway is located in 
Sharjah city (United Arab Emirates), where there is actually no winter. But, Figure 3 shows 
the patterns of fatigue cracks of alligator type, which are formed at the further occurring of 
longitudinal cracks, connecting the existing transverse ones. During the period of observa-
tion, it has been determined that a large number of multiaxle heavy vehicles run along the 
highway, and it suggests that this type of staged fatigue failure has been connected with dense 
traffic of multiaxle heavy vehicles. Based on the abovementioned types of the staged failure 
for asphalt concrete pavements of the highways, we can formulate the following principle: 
“The process of fatigue failure for the asphalt concrete pavements of the highways occurs 
stage by stage and according to various types of stages. Type 1: stage I—quasi-linear parallel 
longitudinal cracks occur on the patch lines, between which quasi-straight line asphalt con-
crete strips are formed; stage II—formation of patterns of fatigue cracks of the alligator type 
by division of quasi-straight line strips of the asphalt concrete into the cells with small sizes 
by quasi-transverse cracks. Type 2: stage I—occurrence of insulated quasi-parallel transverse 
cracks; stage II—formation of alligator type cracks with relatively large dimensions of cells 
due to the occurrence of longitudinal cracks, connecting the existing transverse ones; stage 
III—decrease of dimensions for the cells of crack patterns due to the sequential occurrence of 
transverse and longitudinal cracks within each cell”.

We suppose that the staged progressing of the fatigue failure is mechanically and thermody-
namically “of benefit” to the system—to the asphalt concrete pavement, and which type of the 
stage is progressed—“the system will choose itself” depending on specific conditions: volume 
and type of traffic, regime and speed of traffic, weather and climatic conditions, design fea-
tures, properties of the materials, including asphalt concretes, and so on.

Figure 2. Fatigue failure of asphalt concrete pavement: transverse fatigue cracks (Sharjah city, United Arab Emirates, 
August, 2010).

Fatigue Destruction of Asphalt Concrete Pavement: Self-Organization and Mechanical…
http://dx.doi.org/10.5772/intechopen.75536

63



should be calculated for strength under the criterion of tensile bending strength of the cast-in-
situ (asphalt concrete) layers.

It is considered that the fatigue cracking on the asphalt concrete pavement of highways occurs 
at frequently repeated load impact of the vehicles’ wheels [2].

Hveem F.N. of the far abroad country has been one of the first researchers, who mentioned 
the phenomenon of fatigue in the asphalt concrete pavement of a highway [3]. The first inves-
tigations of the fatigue properties for the asphalt concretes in laboratory conditions were per-
formed by Sall R.N.J., Pell P.S., Taylor I.F. in the UK [4, 5] and Monismith C.L. in the USA [6].

The study of the fatigue of the asphalt concretes in the former Soviet Union was started by the 
works of Sall A.O. (Leningrad), Radovskiy B.S. (Kiev), Zolotaryov V.A. (Kharkov), Rudenskiy 
A.V. and Kalashnikova T.N. (Moscow) [7–11].

It was found out that the phenomenon of fatigue failure for the asphalt concrete pavement of 
a highway was a complex one. In spite of the fact that the specialists of many countries of the 
world have been studying the phenomenon to the present day, the issue of the fatigue life for 
the asphalt concretes and asphalt concrete pavement remains actual.

2. Field observation

Figure 1 represents the photos showing fatigue failure of the asphalt concrete pavement of 
Karagandy-Shakhtinsk highway. These photos show clearly that the fatigue failure occurs by 
stage: first, parallel quasi-straight line longitudinal cracks occur on the patch line, between 
which quasi-straight line asphalt concrete strips have been formed, and then these quasi-
straight line asphalt concrete strips are divided into cells of small sizes due to the occurrence 
of quasi-transversal cracks. Thus, in the considered case, the formation of a grid of alligator 

Figure 1. Fatigue failure of asphalt concrete pavement (860 km) of Karagandy-Shakhtinsk highway (Kazakhstan, 
Karagandy oblast, July, 2016).

Modified Asphalt62

cracks on the asphalt concrete pavement represents by itself a two-staged process, each of 
which has been realized during less or more prolonged period.

The fragments of another sequence for crack occurrence in the staged process of fatigue failure 
of alligator type on the asphalt concrete pavement are shown in Figures 2 and 3. As it is seen 
from Figure 2, there are only specific (separated from each other) quasi-parallel transverse 
cracks on the asphalt concrete pavement within the patch line. At first sight, they are similar 
to the low-temperature cracks. But that is not the case. The considered highway is located in 
Sharjah city (United Arab Emirates), where there is actually no winter. But, Figure 3 shows 
the patterns of fatigue cracks of alligator type, which are formed at the further occurring of 
longitudinal cracks, connecting the existing transverse ones. During the period of observa-
tion, it has been determined that a large number of multiaxle heavy vehicles run along the 
highway, and it suggests that this type of staged fatigue failure has been connected with dense 
traffic of multiaxle heavy vehicles. Based on the abovementioned types of the staged failure 
for asphalt concrete pavements of the highways, we can formulate the following principle: 
“The process of fatigue failure for the asphalt concrete pavements of the highways occurs 
stage by stage and according to various types of stages. Type 1: stage I—quasi-linear parallel 
longitudinal cracks occur on the patch lines, between which quasi-straight line asphalt con-
crete strips are formed; stage II—formation of patterns of fatigue cracks of the alligator type 
by division of quasi-straight line strips of the asphalt concrete into the cells with small sizes 
by quasi-transverse cracks. Type 2: stage I—occurrence of insulated quasi-parallel transverse 
cracks; stage II—formation of alligator type cracks with relatively large dimensions of cells 
due to the occurrence of longitudinal cracks, connecting the existing transverse ones; stage 
III—decrease of dimensions for the cells of crack patterns due to the sequential occurrence of 
transverse and longitudinal cracks within each cell”.

We suppose that the staged progressing of the fatigue failure is mechanically and thermody-
namically “of benefit” to the system—to the asphalt concrete pavement, and which type of the 
stage is progressed—“the system will choose itself” depending on specific conditions: volume 
and type of traffic, regime and speed of traffic, weather and climatic conditions, design fea-
tures, properties of the materials, including asphalt concretes, and so on.

Figure 2. Fatigue failure of asphalt concrete pavement: transverse fatigue cracks (Sharjah city, United Arab Emirates, 
August, 2010).

Fatigue Destruction of Asphalt Concrete Pavement: Self-Organization and Mechanical…
http://dx.doi.org/10.5772/intechopen.75536

63



3. Fatigue cracks classification

In Kazakhstan, the fatigue and other types of cracks on an asphalt concrete pavement for 
diagnostics and evaluation of road condition are considered in the standard [12], in which 
all defects on the pavements are divided into two groups: the defects, certifying inadequate 
strength and the defects, which do not certify inadequate strength in explicit form. Analysis 
of these defects shows that:

• in spite of the fact that they have different causes for their occurrence and progress character, 
cracks of various types (fatigue, thermal, reflected, sagging) are not identified separately;

• the staged development nature is not reflected for fatigue cracks;

• the maximum allowable measures are not contained for the cracks, including the fatigue ones.

The largest and wide scale program on investigation of performance for road structures 
(highway pavements) was started within the so-called Strategic Highway Research Program 
(SHRP) in the USA in 1987. The road agencies of the American States and 15 other countries 
have been collecting the data for 20 years for state of repair of pavements, climate, volume and 
density of traffic on more than 1000 experimental sections of the highways.

A special guide has been developed to perform data collection under the unique method, 
which was published three more times in the following years [13]. This Guide gives the fol-
lowing definition for the fatigue cracks in asphalt concrete pavement: “They occur in the areas 
subjected to repeated traffic loadings (wheel paths). They can be a series of interconnected 
cracks in early stages of development. They develop into many-sided, sharp-angled pieces, 
usually less than 0.3 m on the longest side, characteristically with a chicken wire/alligator 
pattern, in later stages. The fatigue cracks are divided into three levels. Low level: an area 
of cracks with no or only a few connecting cracks; cracks are not spalled or sealed; pumping 
is not evident. Moderate level: an area of interconnected cracks forming a complete pattern; 
cracks may be slightly spalled; cracks may be sealed; pumping is not evident. High level: 
an area of moderately or severely spalled interconnected cracks forming a complete pattern; 
pieces may move when subjected to traffic; cracks may be sealed; pumping may be evident.”

Figure 3. Fatigue failure of asphalt concrete pavement: alligator cracks (Sharjah city, United Arab Emirates, August, 2010).
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Figures 4 and 5 show the photos from the Guide [13], which demonstrate visually the levels of 
the fatigue failure for the asphalt concrete pavement under the adopted classification.

As it is seen, contrary to the Kazakhstan Guide, the American Guide identifies the fatigue 
cracks separately from other types of cracks and three levels have been established for their 
development. Another American standard document [14] subdivides the fatigue cracks into 
two types: surface-down fatigue cracking and bottom-up fatigue cracking; admissible limit 
values have been shown for these types of cracks for surface-down—1000 ft./mile = 190 m/km 
and for bottom-up—25–50% of the lane area.

4. Self-organization

The works [15–17] based on provisions of thermodynamics of irreversible processes and non-
linear dynamics (synergetics) show that the asphalt concrete pavement with low-temperature 
cracks is a specific dissipative structure, which is the form of adaptation for a thermody-
namic system to the external conditions and each time, when air temperature reaches the 
critical temperature of pavement, the crack occurs. This is regularity, determined by collective 
behavior (self-organization) of structural elements of the asphalt concrete pavement in critical 
conditions.

Figure 4. All levels of fatigue failure of asphalt concrete pavement for the highway according to the Guide [13].

Figure 5. Fatigue failure of asphalt concrete pavement for the highway according to the Guide [13]: (a) low level; (b) 
middle level and (c) high level.
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In thermodynamics [18, 19], the systems, which exchange their energy and mass with the 
environment, are considered as open ones, and they are structurally complex. Due to the com-
plexity of open systems, the various forms of structure occur in them in critical conditions. 
Energy dissipation plays the constructive role in the formation of these structures. To empha-
size that I. Prigozhin introduced the term “dissipative structures” [20–23], and H. Haken 
introduced the term “synergetics” to stress the role of collective behavior for substructural 
elements in formation of dissipative structures [24, 25].

Prigozhin I. showed that the entropy variation ds for open thermodynamics system can be 
considered as the sum of two summands [19–21]:

  ds =  ds  e   +  ds  i  ,  (1)

where dse is entropy variation, connected with its inflow or outflow; dsi is an amount of 
entropy, produced inside a system.

For short, dsi is simply called “entropy production.”

Component dse can have as positive sign, as well as negative one depending on the fact if the 
system receives or give energy as the result of interaction with environment. According to the 
second law of thermodynamics, entropy production dsi is positive or equal to zero:

   ds  i   ≥ 0,  (2)

Equal-zero entropy production, that is, dsi = 0 will occur only under condition of balance.

4.1. Benar’s effect

It is known that Benar’s effect [26–28] is one of the famous examples for formation of dissipa-
tive structures in an open thermodynamic system. It occurs at critical difference of tempera-
tures ∆Tcr of bottom and upper surfaces of the thin layer of the viscous liquid (for example, in 
silicon oil) in a dish, heated from below. When reaching Tcr, the behavior of the liquid varies 
dramatically—convection occurs, and the liquid is divided into hexagonal cells (Figure 6). 
The new structure is created by joint cooperative molecular motion of the liquid. As it is seen 
from Figure 7, the sharp break occurs for a dependence of heat transport rate dQ/dt on tem-
perature difference ∆T at ∆Tcr and formation of a new structure occurs. The outflow (export) 
of entropy is precisely compensated by entropy production inside the liquid up to ∆Тcr, and 
when reaching ∆Тcr, the heat transport rate increases due to the convective mechanism of the 
heat exchange.

4.2. Cell separation

The work of M.V. Volkenstein [26] showed one more example of the formation for the dis-
sipative structure in the open thermodynamics system. This is a cell separation of the living 
organism.

Modified Asphalt66

For the simplicity, the cell is considered as a sphere with radius R. Entropy production inside 
the cell dsi is proportional to its volume  V =   4 __ 3   π  R   3  , and entropy outflow from the cell dse is pro-
portional to the area of its surface   S  

пов.
   = 4π  R   2  . Then, according to the expression (Eq. (1)), we have:

  ds = A ⋅   4 __ 3   π  R   3  − B ⋅ 4π  R   2 ,  (3)

where А and В are the parameters of proportionality, which have appropriate dimensions.

The cell grows with the growth of the organism, and radius of the sphere R increases. The 
cell under the mechanism of self-organization tries to remove the excess of the accumulated 
entropy. As the entropy production dsi increases proportionally to the cube of the radius R, 
that is, R3, and the entropy outflow increases proportionally to the square of the radius R, 
that is, R2, then the gradual accumulation of entropy occurs under the expression (Eq. (3)). 

Figure 6. Benar’s effect.

Figure 7. Dependence of heat transport rate on temperature difference.
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Stationary state is achieved at  R =   3B ___ A   , that is, ds = 0. And at  R >   3B ___ A   , that is, ds > 0, therefore, at  

R  
cr
   >   3B ___ A    (Rcr: critical size of the cell) the cell should be separated, otherwise, it will die. The vol-

umes of the mother cell and two daughter cells are similar, and the total area of the surfaces 
of new cells is bigger.

The abovementioned examples for self-organization in thermodynamics systems—Benar’s 
cells and cell separation can be used further for the explanation of the fatigue failure phenom-
enon for the asphalt concrete pavement.

Fatigue failure of the asphalt concrete pavement, of course, has been directly connected with 
the asphalt concrete strength.

5. Asphalt concrete strength

5.1. Bitumen

Bitumen of grade BND 100/130, produced by Pavlodar Petrochemical Plant (PPCP), was used 
for the preparation of fine-grained dense asphalt concrete in laboratory conditions in this 
work. Bitumen complies with the requirements of Kazakhstan standard ST RK 1373-2013 [29]. 
Standard indicators for bitumen are represented in Table 1. Content of bitumen in the asphalt 
concrete was 4.8% by the mass of the dry filler.

5.2. Asphalt concrete

Hot dense fine-grained asphalt concrete of Type B was adopted for test, which satisfies the 
requirements of the Kazakhstan standard ST RK 1225-2013 [30], and it was prepared with 
the use of aggregate of fractions 5–10 mm (20%), 10–15 mm (13%), 15–20 mm (10%) from 
Novo-Alekseevsk rock pit (Almaty oblast), sand fraction 0–5 mm (50%) from the plant 
“Asphaltconcrete-1” (Almaty city) and mineral powder (7%) from Kordai rock pit (Zhambyl 
oblast). The main standard indicators for asphalt concrete are represented in Table 2. The 
grading curve of mineral part of hot mix asphalt concrete is shown in Figure 8.

5.3. Test methods

In this study, asphalt sample tests have been performed according to the following methods:

1. Determination of asphalt concrete strength at direct tension at various temperatures 
has been performed in thermal chamber of TRAVIS, manufactured by Infratest GmbH 
(Germany). Sample tests have been performed at deformation with constant rate 1 mm/
min in accordance with European standard pr EN 12697-46 [31]. Samples had dimen-
sions of 5 × 5 × 16 cm.

2. Cyclic (fatigue) asphalt concrete strength at various temperatures has been determined by 
sample testing with dimensions 5 × 5 × 38 cm in thermal chamber of four-point bending 
device under European standard EN 12697-24 [32]. Loading frequency was f = 10 Hz. The 
stress, equal to σ = 1400 kPa, was kept as constant prior to the sample failure.

Modified Asphalt68

3. Asphalt concrete samples in the form of beam with dimensions 4 × 4 × 16 cm have been 
tested at various temperatures on mechanical press with the use of special device under 
transverse bending scheme according to standard ST RK 1218-2003 [33]. The deformation 
rate was 3 mm/min.

4. Asphalt concrete sample strength of various shapes (cylindrical and rectangular), various 
dimensions and at various temperatures at direct compression has been determined by 
their testing on the mechanical press under standard ST RK 1218-2003 [33]. The deforma-
tion rate was 3 mm/min.

Indicators Unit Requirement of ST RK 1373-2013 Value of indicators

Depth of needle penetration

25°С 0.1 mm 101–130 110

0°С 30 37

Penetration index — −1.0… + 1.0 −0.82

Ductility

25°С cm ≥90 135

0°С ≥4.0 6.6

Softening point °С ≥43 44.0

Fraas point °С ≤−22 −30.2

Dynamic viscosity, 60°С Pa·s ≥120 121.0

Kinematic viscosity, 135°C mm2/s ≥180 329.0

Table 1. Main standard indicators for bitumen.

Indicators Unit Requirements of ST RK 1225-2013 Value of indicators

Average density g/cm3 — 2.38

Water saturation % 1.5–4.0 3.4

Air voids of mineral filler % ≤19 15.1

Air voids of asphalt concrete % 2.5–5.0 3.8

Compression strength

0°С MPa ≤13 7.4

20°С ≥2.5 3.5

50°С ≥1.3 1.38

Water resistance — ≥0.83 0.80

Shear resistance MPa ≥0.38 0.39

Crack resistance MPa 4.0–6.5 4.5

Table 2. Main standard indicators for asphalt concrete.
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5.4. Sample preparation

Asphalt concrete samples of cylindrical shape, designed for direct compression, were pre-
pared under Kazakhstan standard ST RK 1218-2003 [33] by compaction of the asphalt con-
crete mix in special mold. The samples of rectangular shape and in the shape of beam of 
various dimensions were prepared in the following way. First, the asphalt concrete samples 
in the shape of square slab with dimensions 5 × 30.5 × 30.5 cm were prepared by roller com-
pactor (model CRT-RC2S, company Cooper, UK) in accordance with European standard EN 
12697-33 [34]. Then, the samples with the shape of rectangular prism of various dimensions 
were obtained from square slabs.

5.5. Single loading, cyclic and long-term strength of asphalt concrete

Figure 9 represents the graphs, showing the dependence of the asphalt concrete strength at 
various types of loading—tension, compression and bending. As it is seen, in the considered 
temperature interval (0–50°С), the asphalt concrete has the least tensile strength, and the larg-
est—at compression. Bending strength occupies the intermediate location between tension 
and compression. Meanwhile, compression and bending strength of the asphalt concrete with 
the temperature increase decreases nearly with the similar rate within the whole temperature 
interval considered, and at tension, the rate of decrease is higher than two times compared 
with compression and bending strength. It is also seen that the difference between temperature 
curves of bending strength and compression strength is kept as constant in the whole tem-
perature interval considered and it is equal to, at average, 1.0 MPa. The maximum difference 
between temperature curves of tensile strength and bending (compression) strength occurs at 
low temperatures (0–10°С), which is equal to 2.5 MPa (3.5 MPa) and decreases with the temper-
ature increase; these differences at temperature 50°С are equal to 0.8 and 1.6 MPa, respectively.

It is generally accepted that the fatigue cracks occur due to the repeated impact of the tensile 
stress in the bottom surface of the asphalt concrete pavement [2, 35–39], the more the value of 

Figure 8. Asphalt mixture grading curve.

Modified Asphalt70

which at any other equal conditions, the more is the ratio of elasticity modulus of the asphalt 
concrete layers to the elasticity modulus of the under layers of the pavement base and sub-
grade soil [10, 40]. It is considered that the abovementioned ratio of elasticity moduli in pave-
ment structure is the biggest one in the spring season, when the upper part of subgrade has 
been defrosted and loosened, and the asphalt concrete pavement has a big stiffness due to the 
relatively low air temperature, which is within 0 and +10°С [2, 41–43].

As it is seen from Figure 10, namely within the temperature interval 0 and +10°С, the difference 
in the asphalt concrete tensile strength and bending strength (compression) is the biggest one!

Figure 10 shows the graphs of cyclic strength for fine-grained dense asphalt concretes at bend-
ing and tension at the temperature of 20°С. The upper graph has been constructed at testing 
of asphalt concrete samples under scheme of bending on the four-point bending device in 
Kazakhstan Highway Research Institute, and the bottom one has been constructed according 
to the experimental data, obtained in the University of North Carolina State (USA) at direct 
tension [44]. It is clearly seen that the cyclic strength of the asphalt concrete at bending is con-
siderably higher than at tension. Similar regularity can be seen on the curves of the long-term 
strength of the asphalt concrete, as shown in Figure 11 [45, 46].

Thus, single loading, cyclic and long-term strength of the asphalt concretes at tension is con-
siderably less, than at bending and compression.

To answer the question: “Does the asphalt concrete strength depend on the tested sample 
dimensions at compression?”, the test of samples for the fine-grained dense asphalt concrete of 
type B (BND 100/130) has been performed for direct compression. The thickness of all the sam-
ples was similar and equal to 5 cm, and the length and the width of the samples had the values 

Figure 9. Strength of fine-grained asphalt concrete (BND 100/130, PPCP) at various types of stressed condition.
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Figure 9. Strength of fine-grained asphalt concrete (BND 100/130, PPCP) at various types of stressed condition.
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equal to 2, 5, 7, 10, 12 and 15 cm. The test has been performed at the temperatures of 0, 10 and 
20°С. Three parallel tests have been performed at each temperature and dimensions of samples.

As it is seen from Figure 12, the asphalt concrete strength at compression depends consider-
ably on sample dimensions. The biggest strength occurs at the temperatures of 10 and 20°С 

Figure 11. Long-term strength of the fine-grained asphalt concrete of type B (BND 60/90) at transverse bending and 
direct tension.

Figure 10. Cyclic strength of the asphalt concrete at bending and direct tension at the temperature of 20°С.

Modified Asphalt72

with the length of sample side equal to 7 cm, and the strength increases almost linearly at the 
temperature of 0°С with the decrease of sample dimensions.

These results serve as the reliable explanation for gradual decrease of the horizontal dimen-
sions of the asphalt concrete pavement cells with progressing of its fatigue failure.

5.6. Residual strength of asphalt concrete

The fatigue crack on the asphalt concrete pavement occurs when it almost completely lost its 
tensile strength (tension at bending). Let us raise the question: can such asphalt concrete have 
residual compression strength? To clarify the issue, we have carried out a special experiment. 
The same fine-grained dense asphalt concrete of type B (bitumen grade BND 100/130) has been 
adopted. First, the asphalt concrete samples with dimensions 5 × 5 × 38 cm have been tested 
on the four-point bending device for bending fatigue to failure (stiffness reduction to 10% of 
the initial one) at the temperatures of 10, 20 and 30°С. Then, the samples with dimensions 

Figure 12. Compression strength of the fine-grained asphalt concrete samples of type B (BND 100/130, PPCP) of various 
dimensions at different temperatures.

Т, °С Number of cycles to failure Nf

Parallel 1 Parallel 2 Parallel 3 Average

+10 5187 4965 10,180 6777

+20 568 512 534 538

+30 565 219 222 335

Table 3. Test results of the fine-grained dense asphalt concrete of type B (BND 100/130, PPCP, f = 10 Hz, σ = 1400 kPa) at 
fatigue on the four-point bending device.
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5 × 5 × 5 cm have been prepared from these samples, and they have been tested for direct com-
pression at the same temperatures. Three asphalt concrete samples have been tested at each 
temperature. The results of the initial tests of the asphalt concrete samples at cyclic bending 
have been represented in Table 3, and their further test at direct compression—in Figure 13.  
As it is seen, the asphalt concrete has a high residual compression strength after the cyclic 
bending to failure, comparable with the strength of a new asphalt concrete (Figures 9 and 12).

6. Principle of consequential change of deformation types

As it is known, the self-organization phenomenon occurs in complicated open thermody-
namics systems and new structures occur in them in critical conditions such as Benar’s cells, 
separated cells of living organisms, laser ray, and so on. Occurrence of specific dissipative 
structures in critical low-temperature conditions on the asphalt concrete pavement has been 
shown in the works [15–17, 47]. The provided above staging of the fatigue failure for the 
asphalt concrete pavement, possibility in principle for occurrence of dissipative structures 
in it at critical conditions as a result of self-organization of its structural elements, significant 
dependence of single loading, cyclic and long-term strength of the asphalt concrete on defor-
mation type (stressed condition) and existence of residual strength at another deformation 
type after failure allow formulating of a new regularity for the fatigue failure:

Fatigue failure of an asphalt concrete pavement under repeated load impact is realized accord-
ing to the consequently changing stages in every of which pavement parts function as specific dis-
sipative structures with characteristic deformation type, which interchange in the sequence of: 
tension-bending-compression.

Figure 13. Residual strength of the asphalt concrete at compression after cyclic bending at various temperatures.

Modified Asphalt74

7. Bifurcation

The principle of consequential change of deformation types at fatigue failure for an asphalt 
concrete pavement formulated earlier can be explained on the basis of provisions for thermo-
dynamics of irreversible processes and nonlinear dynamics (synergetics).

In short description of the examples for dissipative structure occurrence—Benar’s cells and 
cell separation, it has been mentioned earlier that the action of systems in critical conditions 
in both cases is a benefit for them: liquid flow along the hexagonal cells allows including 
additional convective mechanism of heat exchange with environment; separation of the cell 
into two saves it from “death.”

We also consider that the realization of the fatigue failure according to the consequent stages, 
changing deformation type from “tension” into “bending” and from “bending” into “compres-
sion” at the continuous mechanical impact is a benefit to the asphalt concrete pavement, as:

1. The asphalt concrete strength at bending is bigger than at tension, and at compression, it 
is bigger than at bending.

2. Residual strength of asphalt concrete at compression is relevant after its failure at deforma-
tion under the scheme of bending (tension).

Such staged failure with consequential change of deformation type prolongs the existence 
time (“life cycle”) of separate parts of the asphalt concrete pavement.

The formulated principle can be visually demonstrated by the bifurcation scheme proposed 
(Figure 14).

In thermodynamics and synergetics, it is accepted to consider that the system away from 
the equilibrium condition acquires new properties. The system in the strong nonequilibrium 
condition becomes more active and all substructural elements of the system work jointly, con-
sistently, fluctuations are synergized and new structures occur at the critical moment [18–26, 
48]. In addition, the system has a choice in critical conditions—what scenario of evolution to 
follow further.

In accordance with the proposed bifurcation scheme, the asphalt concrete pavement works 
as continuous medium under scheme of volumetric stressed-deformed condition since the 
moment of starting of operation to the moment of losing of the tension resistance (0–1). At the 
time moment of the complete losing of the tension resistance (point 1), the thermodynamics 
system (substructural elements of the asphalt concrete pavement) has a choice—which ther-
modynamics branch (branch А and branch B)—to function further. If the system in point of 
bifurcation chooses the thermodynamics branch A, the parallel cracks occur on the patch lines 
in point 1, and the asphalt concrete strips work as a long beam between points 1 and 2, and they 
are deformed under the scheme of bending. The transverse cracks occur in point 2, long asphalt 
concrete strips are divided into more short parts, each of the obtained parts for the period of 
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2–3, work as a short beam, and it is also deformed under the scheme of bending. In point 3, 
the number of the occurred cracks increases and for the period of 3–4, separate failure frag-
ments of pavement work under scheme of direct compression. Complete failure of the asphalt 
concrete pavement occurs at the time moment 4. The road section of the highway “Karagandy-
Shakhtinsk,” described earlier can serve as an example of the practical realization for the fatigue 
failure of the asphalt concrete pavement according to the thermodynamics branch A.

If the system in point of bifurcation 1 chooses the thermodynamics branch B, then, first, the 
transverse cracks occur on pavement, then longitudinal fatigue cracks occur between them, 
and for the period of time 1–5, separate pavement blocks function as big and short slabs, 
and they are deformed under scheme of bending. Additional transverse and longitudinal 
cracks occur in point 5, grids of cracks become more intensive until each of the pavement 
fragments is not deformed under scheme of direct compression (time period 5–6). Complete 
failure of the asphalt concrete pavement occurs in time moment 6. The road section of the 
highway located in Sharjah city (UAE) can serve as an example of the practical realization 
for the fatigue failure of the asphalt concrete pavement under the thermodynamics branch B.

8. Conclusion

The results of this study allow drawing the following conclusions for the fatigue failure of the 
asphalt concrete pavement of a highway:

1. In Kazakhstan, the cracks of various types on the asphalt concrete pavements (fatigue, 
thermal, reflected and sagging) are not identified separately. The staged character of the fa-
tigue failure was not considered. Maximum allowable characteristics, including the fatigue 
ones, were not determined as well. In the USA, the fatigue cracks are identified separately 

Figure 14. Bifurcation scheme at fatigue failure of an asphalt concrete pavement.

Modified Asphalt76

from other types of cracks, three levels for their development have been determined, but 
the relation is not considered between these levels.

2. Fatigue failure of the asphalt concrete pavement is realized stage by stage. Change of 
stages for failure occurs under mechanism of self-organization for the substructural el-
ements of the pavement material—asphalt concrete in critical conditions. Similar to the 
known phenomena of self-organization—Benar’s effect and biological cell separation, it 
is proposed to consider the parts of the asphalt concrete pavement as specific dissipative 
structures. They work as specific dissipative structures on each stage of the fatigue failure.

3. Comparison of the results for the performed and known tests of the asphalt concretes for 
determination of single loading, cyclic, long-term and residual strength for tension, bend-
ing and compression has shown that the strength at bending is always more than at ten-
sion; and it is more at compression than at bending.

4. The determined staged character of the fatigue failure for the asphalt concrete pavement, 
possibility in principle for occurrence of dissipative structures in it, dependence of asphalt 
concrete strength on deformation type (stressed condition), moreover, its increase in the 
sequence of “tension-bending-compression,” and also the existence of residual strength 
for the asphalt concrete at compression after failure at tension have served as a basis for 
formulating of a new regularity for the fatigue failure: fatigue failure of an asphalt concrete 
pavement under repeated load impact is realized according to the consequently changing stages in 
every of which pavement parts function as specific dissipative structures with characteristic defor-
mation type, which interchange in the sequence of tension-bending-compression.

Author details

Bagdat Teltayev

Address all correspondence to: bagdatbt@yahoo.com

Kazakhstan Highway Research Institute, Almaty, Kazakhstan

References

[1] CN RK 3.03-19-2006. Design of flexible pavements. Astana; 2007. 87 p

[2] Ivanov NN, editor. Design and Calculation of Flexible Pavements. Moscow: Transport; 
1973. 328 p

[3] Hveem FN. Pavement defections and fatigue failures. Highway Research Board. 
Bulletin 114

[4] Saal RNJ, Pell PS. Fatigue of bituminous road mixes. Kolloid-Zeitschrift. 1960;171:61-71

[5] Taylor IF, Pell PS. Could fatigue be a problem in flexible pavements? Roads and road 
Construction. 1969;47(560):236-243

Fatigue Destruction of Asphalt Concrete Pavement: Self-Organization and Mechanical…
http://dx.doi.org/10.5772/intechopen.75536

77



2–3, work as a short beam, and it is also deformed under the scheme of bending. In point 3, 
the number of the occurred cracks increases and for the period of 3–4, separate failure frag-
ments of pavement work under scheme of direct compression. Complete failure of the asphalt 
concrete pavement occurs at the time moment 4. The road section of the highway “Karagandy-
Shakhtinsk,” described earlier can serve as an example of the practical realization for the fatigue 
failure of the asphalt concrete pavement according to the thermodynamics branch A.

If the system in point of bifurcation 1 chooses the thermodynamics branch B, then, first, the 
transverse cracks occur on pavement, then longitudinal fatigue cracks occur between them, 
and for the period of time 1–5, separate pavement blocks function as big and short slabs, 
and they are deformed under scheme of bending. Additional transverse and longitudinal 
cracks occur in point 5, grids of cracks become more intensive until each of the pavement 
fragments is not deformed under scheme of direct compression (time period 5–6). Complete 
failure of the asphalt concrete pavement occurs in time moment 6. The road section of the 
highway located in Sharjah city (UAE) can serve as an example of the practical realization 
for the fatigue failure of the asphalt concrete pavement under the thermodynamics branch B.

8. Conclusion

The results of this study allow drawing the following conclusions for the fatigue failure of the 
asphalt concrete pavement of a highway:

1. In Kazakhstan, the cracks of various types on the asphalt concrete pavements (fatigue, 
thermal, reflected and sagging) are not identified separately. The staged character of the fa-
tigue failure was not considered. Maximum allowable characteristics, including the fatigue 
ones, were not determined as well. In the USA, the fatigue cracks are identified separately 

Figure 14. Bifurcation scheme at fatigue failure of an asphalt concrete pavement.

Modified Asphalt76

from other types of cracks, three levels for their development have been determined, but 
the relation is not considered between these levels.

2. Fatigue failure of the asphalt concrete pavement is realized stage by stage. Change of 
stages for failure occurs under mechanism of self-organization for the substructural el-
ements of the pavement material—asphalt concrete in critical conditions. Similar to the 
known phenomena of self-organization—Benar’s effect and biological cell separation, it 
is proposed to consider the parts of the asphalt concrete pavement as specific dissipative 
structures. They work as specific dissipative structures on each stage of the fatigue failure.

3. Comparison of the results for the performed and known tests of the asphalt concretes for 
determination of single loading, cyclic, long-term and residual strength for tension, bend-
ing and compression has shown that the strength at bending is always more than at ten-
sion; and it is more at compression than at bending.

4. The determined staged character of the fatigue failure for the asphalt concrete pavement, 
possibility in principle for occurrence of dissipative structures in it, dependence of asphalt 
concrete strength on deformation type (stressed condition), moreover, its increase in the 
sequence of “tension-bending-compression,” and also the existence of residual strength 
for the asphalt concrete at compression after failure at tension have served as a basis for 
formulating of a new regularity for the fatigue failure: fatigue failure of an asphalt concrete 
pavement under repeated load impact is realized according to the consequently changing stages in 
every of which pavement parts function as specific dissipative structures with characteristic defor-
mation type, which interchange in the sequence of tension-bending-compression.

Author details

Bagdat Teltayev

Address all correspondence to: bagdatbt@yahoo.com

Kazakhstan Highway Research Institute, Almaty, Kazakhstan

References

[1] CN RK 3.03-19-2006. Design of flexible pavements. Astana; 2007. 87 p

[2] Ivanov NN, editor. Design and Calculation of Flexible Pavements. Moscow: Transport; 
1973. 328 p

[3] Hveem FN. Pavement defections and fatigue failures. Highway Research Board. 
Bulletin 114

[4] Saal RNJ, Pell PS. Fatigue of bituminous road mixes. Kolloid-Zeitschrift. 1960;171:61-71

[5] Taylor IF, Pell PS. Could fatigue be a problem in flexible pavements? Roads and road 
Construction. 1969;47(560):236-243

Fatigue Destruction of Asphalt Concrete Pavement: Self-Organization and Mechanical…
http://dx.doi.org/10.5772/intechopen.75536

77



[6] Monismith CL, Secor KE, Blackmer W. Asphalt mixture behavior in repeated flexure. 
Proceedings of Association of Asphalt Paving Technologists. 1961;30:188-222

[7] Sall AO. Peculiarities of asphalt concrete pavement bending at short-term load. Tran-
sactions of SoyuzdorNII. 1965;3:19-26

[8] Sall AJ, Zolotaryov VA, Radovskiy BS, Iliyev EB. Design parameters of asphalt concretes 
as applied to VSN 46-72. Automobile Roads. 1977;5:28-30

[9] Radovskiy BS, Rudenskiy AV. Regarding impact of characteristics of the materials struc-
ture on their fatigue and long-term strength. Transactions of SoyuzdorNII. 1975;79:43-48

[10] Radovskiy BS, Suprun AS, Kozakov II. Pavement Design for Trucks Traffic. Budivelnyk: 
Kiev; 1989. 168 p

[11] Rudenskiy AV, Kalashnikova TN. Analysis of asphalt concrete fatigue. Transactions of 
GiprodorNII. Road Construction Materials. 1973;7:3-15

[12] PR RK 218-27-2014. Instruction on diagnostics and evaluation of transport maintenance 
condition of the automobile roads. Astana; 2014

[13] Distress identification manual for the long-term pavement performance program. 
Report No. FHWA-RD-03-031. Federal highway administration. Georgetown Pike 
McLean; 2003

[14] Guide for mechanistic-empirical design of new and rehabilitated structures. Final report. 
Part 3. Design analysis. Chapter 3. Design of new and reconstructed flexible pavements. 
ARA, Inc., ERES Consulting division; 2004

[15] Teltayev BB. Regularities of self-organization of the low temperature cracking of asphalt 
concrete pavement. Reports of National Academy of Science of Republic of Kazakhstan. 
2015;4:40-65

[16] Teltayev BB. Regularities of the increase for the number of cracks on the road asphalt 
concrete pavement. Report of National Academy of Science of Republic of Kazakhstan. 
2015;5:35-57

[17] Teltayev BB. Road asphalt concrete pavement as dissipative structure. Report of National 
Academy of Science of Republic of Kazakhstan. 2016;2:11-37

[18] Bazarov IP. Thermodynamics. Saint-Petersburg: Publisher “Lan”; 2010. p. 384

[19] Prigozhin I. Introduction to Thermodynamics of Irreversible Processes. Moscow: Foreign 
Literature; 1960. 128 p

[20] Glansdorff P, Prigozhin I. Thermodynamic Theory of Structure, Stability and Fluc-
tuations. Мoscow: Mir; 1973. 281 p

[21] Prigozhin I. Time, structure and fluctuations (Nobel lecture in chemistry of 1977 year). 
Successes of Physical Sciences 1980;131(2):185-207

[22] Prigozhin I. From being to becoming. Moscow: Science; 1985

Modified Asphalt78

[23] Prigozhin I, Stengers I. Order out of Chaos: Man’s New Dialogue with Nature. Moscow: 
Progress; 1986. 432 p

[24] Haken H. Synergetics. Мoscow: Мir; 1980. 405 p

[25] Haken H. Synergetics: The Hierarchy of Instabilities in Self-organizing Systems and 
Devices. Moscow: Mir; 1985

[26] Wolkenstein MV. Entropy and Information. Moscow: Nauka; 1986. 192 p

[27] Klimontovich YuL. Introduction to physics of open systems. Soros Education Journal. 
1996;8:109-116

[28] Osipov AI. Thermodynamics yesterday, today and tomorrow. Part 2. Nonequilibrium 
thermodynamics. Soros Education Journal. 1999;5:91-97

[29] ST RK 1373-2013. Bitumens and bitumen binders. Oil road viscous bitumens. Technical 
specifications. Astana; 2005

[30] ST RK 1225-2003. Hot mix asphalt for roads and airfields. Technical specifications. 
Astana; 2003

[31] PR EN 12697-46. Bituminous mixtures. Test methods for hot mix asphalt. Part 46: Low 
temperature cracking and properties by uniaxial tension tests. 2004

[32] EN 12697-24. Bituminous mixtures. Test methods for hot mix asphalt. Part 24: Resistance 
to fatigue. 2004

[33] ST RK 1218-2003. Materials based on the organic binders for road and airfield construc-
tion. Test methods. Astana; 2003

[34] EN 12697-33. Bituminous mixtures. Test methods for hot mix asphalt. Part 33: Specimen 
prepared by roller compactor. 2003

[35] Yoder EJ. Principles of Pavement Design. New York: John Wiley & Sons, Inc.; 1959

[36] Yoder EJ, Witczak MW. Principles of Pavement Design. New Jersey: John Wiley & Sons, 
Inc.; 1975. 736 p

[37] Birulya AK. Design and Calculation of Flexible Pavements. Transport: Moscow; 1964. 168 p

[38] Batrakov OT, editor. Strengthening of Flexible Pavements. Moscow: Transport; 1985. 144 p

[39] Privarnikov AK. Polydimensional deformation of multilayer base course. In: Stability 
and Strength of Structural Elements. Dnepropetrovsk. 1973. pp. 27-45

[40] Radovskiy BS. Experimental research of the stress strain behavior of road pavements 
as the layerwise visco-elastic base course at flexible loading. Applied Mechanics. 1980; 
16(4):131-135

[41] Krasikov OA. Evaluation of Strength and Calculation of Strengthening for Flexible 
Pavements. Almaty: KazgosINTI; 2006. 308 p

Fatigue Destruction of Asphalt Concrete Pavement: Self-Organization and Mechanical…
http://dx.doi.org/10.5772/intechopen.75536

79



[6] Monismith CL, Secor KE, Blackmer W. Asphalt mixture behavior in repeated flexure. 
Proceedings of Association of Asphalt Paving Technologists. 1961;30:188-222

[7] Sall AO. Peculiarities of asphalt concrete pavement bending at short-term load. Tran-
sactions of SoyuzdorNII. 1965;3:19-26

[8] Sall AJ, Zolotaryov VA, Radovskiy BS, Iliyev EB. Design parameters of asphalt concretes 
as applied to VSN 46-72. Automobile Roads. 1977;5:28-30

[9] Radovskiy BS, Rudenskiy AV. Regarding impact of characteristics of the materials struc-
ture on their fatigue and long-term strength. Transactions of SoyuzdorNII. 1975;79:43-48

[10] Radovskiy BS, Suprun AS, Kozakov II. Pavement Design for Trucks Traffic. Budivelnyk: 
Kiev; 1989. 168 p

[11] Rudenskiy AV, Kalashnikova TN. Analysis of asphalt concrete fatigue. Transactions of 
GiprodorNII. Road Construction Materials. 1973;7:3-15

[12] PR RK 218-27-2014. Instruction on diagnostics and evaluation of transport maintenance 
condition of the automobile roads. Astana; 2014

[13] Distress identification manual for the long-term pavement performance program. 
Report No. FHWA-RD-03-031. Federal highway administration. Georgetown Pike 
McLean; 2003

[14] Guide for mechanistic-empirical design of new and rehabilitated structures. Final report. 
Part 3. Design analysis. Chapter 3. Design of new and reconstructed flexible pavements. 
ARA, Inc., ERES Consulting division; 2004

[15] Teltayev BB. Regularities of self-organization of the low temperature cracking of asphalt 
concrete pavement. Reports of National Academy of Science of Republic of Kazakhstan. 
2015;4:40-65

[16] Teltayev BB. Regularities of the increase for the number of cracks on the road asphalt 
concrete pavement. Report of National Academy of Science of Republic of Kazakhstan. 
2015;5:35-57

[17] Teltayev BB. Road asphalt concrete pavement as dissipative structure. Report of National 
Academy of Science of Republic of Kazakhstan. 2016;2:11-37

[18] Bazarov IP. Thermodynamics. Saint-Petersburg: Publisher “Lan”; 2010. p. 384

[19] Prigozhin I. Introduction to Thermodynamics of Irreversible Processes. Moscow: Foreign 
Literature; 1960. 128 p

[20] Glansdorff P, Prigozhin I. Thermodynamic Theory of Structure, Stability and Fluc-
tuations. Мoscow: Mir; 1973. 281 p

[21] Prigozhin I. Time, structure and fluctuations (Nobel lecture in chemistry of 1977 year). 
Successes of Physical Sciences 1980;131(2):185-207

[22] Prigozhin I. From being to becoming. Moscow: Science; 1985

Modified Asphalt78

[23] Prigozhin I, Stengers I. Order out of Chaos: Man’s New Dialogue with Nature. Moscow: 
Progress; 1986. 432 p

[24] Haken H. Synergetics. Мoscow: Мir; 1980. 405 p

[25] Haken H. Synergetics: The Hierarchy of Instabilities in Self-organizing Systems and 
Devices. Moscow: Mir; 1985

[26] Wolkenstein MV. Entropy and Information. Moscow: Nauka; 1986. 192 p

[27] Klimontovich YuL. Introduction to physics of open systems. Soros Education Journal. 
1996;8:109-116

[28] Osipov AI. Thermodynamics yesterday, today and tomorrow. Part 2. Nonequilibrium 
thermodynamics. Soros Education Journal. 1999;5:91-97

[29] ST RK 1373-2013. Bitumens and bitumen binders. Oil road viscous bitumens. Technical 
specifications. Astana; 2005

[30] ST RK 1225-2003. Hot mix asphalt for roads and airfields. Technical specifications. 
Astana; 2003

[31] PR EN 12697-46. Bituminous mixtures. Test methods for hot mix asphalt. Part 46: Low 
temperature cracking and properties by uniaxial tension tests. 2004

[32] EN 12697-24. Bituminous mixtures. Test methods for hot mix asphalt. Part 24: Resistance 
to fatigue. 2004

[33] ST RK 1218-2003. Materials based on the organic binders for road and airfield construc-
tion. Test methods. Astana; 2003

[34] EN 12697-33. Bituminous mixtures. Test methods for hot mix asphalt. Part 33: Specimen 
prepared by roller compactor. 2003

[35] Yoder EJ. Principles of Pavement Design. New York: John Wiley & Sons, Inc.; 1959

[36] Yoder EJ, Witczak MW. Principles of Pavement Design. New Jersey: John Wiley & Sons, 
Inc.; 1975. 736 p

[37] Birulya AK. Design and Calculation of Flexible Pavements. Transport: Moscow; 1964. 168 p

[38] Batrakov OT, editor. Strengthening of Flexible Pavements. Moscow: Transport; 1985. 144 p

[39] Privarnikov AK. Polydimensional deformation of multilayer base course. In: Stability 
and Strength of Structural Elements. Dnepropetrovsk. 1973. pp. 27-45

[40] Radovskiy BS. Experimental research of the stress strain behavior of road pavements 
as the layerwise visco-elastic base course at flexible loading. Applied Mechanics. 1980; 
16(4):131-135

[41] Krasikov OA. Evaluation of Strength and Calculation of Strengthening for Flexible 
Pavements. Almaty: KazgosINTI; 2006. 308 p

Fatigue Destruction of Asphalt Concrete Pavement: Self-Organization and Mechanical…
http://dx.doi.org/10.5772/intechopen.75536

79



[42] Krasikov OA. Regularities for deforming of flexible pavements. Causes for occurring of 
deformations and failures. Transport and Roads of Kazakhstan. 2007;1:17-21

[43] Vasiliyev AP, Sidenko VM. Maintenance of Automobile Roads and Traffic Management. 
Transport: Moscow; 1990. 304 p

[44] Zhang J, Sabouri M, Guddati MN, Kim R. Development of a failure criterion for 
asphalt mixture under fatigue leading. Journal of the Association of Asphalt Paving 
Technologists. 2013;82:1-22

[45] Aitaliyev SM, Iskakbayev AI, Teltayev BB. Experimental research of regularities for creep 
and long-term strength of the asphalt concrete at cross bending. Bulletin of National 
Academy of Science of Republic of Kazakhstan. 1998;1:32-36

[46] Aitaliyev SM, Iskakbayev AI, Isayev D, Teltayev BB. Regularities of long-term strength 
for asphalt concrete samples at pure tension. Bulletin of National Academy of Science of 
Republic of Kazakhstan. 1998;6:23-25

[47] Teltayev BB. Regularity of self-organization for asphalt concrete pavement during low 
temperature cracking. Certificate No. 495 for scientific discovery. Moscow; 2016

[48] Prigozhin I. End of certainty. Time, Chaos and New Courses of Nature. Izhevsk: RDC 
“Regular and chaotic dynamics”; 2000. 208 p

Modified Asphalt80

Chapter 5

The Enhancement of Asphalt Concrete Surface Rigidity
Based on Application of Shungite-Bitumen Binder

Podolsky Vladislav Petrovich,
Lukashuk Alexandr Gennadievich,
Tyukov Evgeny Borisovich and
Chernousov Dmitry Ivanovich

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76877

Provisional chapter

The Enhancement of Asphalt Concrete Surface Rigidity
Based on Application of Shungite-Bitumen Binder

Podolsky Vladislav Petrovich,
Lukashuk Alexandr Gennadievich,
Tyukov Evgeny Borisovich and
Chernousov Dmitry Ivanovich

Additional information is available at the end of the chapter

Abstract

Physical interaction of organic binder depends on bituminous film ability to absorb
the mineral particles on the surface. The thick film formation begins with the bitumen
amalgamation with mineral powder grains and finishes during the processes of
application, seal arrangement and cooling down of asphalt concrete. Active surface
centers are on every mineral material and they supply their reactive ability and
interaction with bitumen. For proving experimentally and to study the physical and
mechanical properties in real operation conditions that were arranged, the blanket
was arranged from stone-mastic asphalt with shungite bituminous binder of 500 m
long. The monitoring conducted during 3 years indicates that asphalt concrete with
shungite binder is subjected to calibration to a lesser degree in comparison with
asphalt concrete based on standard powder. For operation reliability of nonrigid road
base, it is necessary to estimate and prognosticate asphalt concrete fatigue properties
in a blanket. The characterized property appears in such a way that the effect of loads
which is significantly smaller than the destructive ones leads to the gradual degrada-
tion of fatigue and destruction of the blanket. The results proved that asphalt con-
crete with shungite bituminous binders has higher operation characteristics.
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1. Introduction

The increase of interrepair period of life duration of road blanket from asphalt concrete is one
of the important problems in the road industry. In the conditions of existing trend for the
growth of intensity and traffic volume, it is necessary to find new materials and technologies
to provide road integrity for the whole period of life cycle. The existing shortage stimulates the
finding of the new materials and rock for dolomite and dolomitized limestone replacement
during the process of asphalt concrete mixes replacement without their poorer operation
quality. One of these rocks is shungite as a unique carbonaceous composite. That is why the
research of fine dispersed powder, the substantiation of its application while fabricating
asphalt concrete mixes, innovation technologies development of construction of blankets with
better operation characteristics is an actual problem.

The high-cost of dolomite mineral powder and stable tendency to its rise stimulate the finding of
new materials and technologies which can be used without asphalt concrete operation abilities
deterioration.

Shungite is a black rock (flaky stone) from the field near Shunga. Strong strata of this mineral
go out onto the shores of the lake Onega near the Tolvuya settlement. There are known five
fields: Nizkoozyornoe, Shungskoe, Vikshozerskoe, Myagkozernoe and Krasnaya Selga, the
raw materials of which were used for shungite production as a light filler for bitumen.

Shungite is a unique rock consisting of amorphous carbon. It is very active in redox reactions,
silicon dioxide, ferric oxide, cobalt, vanadium, titanium and other elements.

Antimicrobial properties of shungite were known even in the seventeenth–eighteenth century
that is why Russian tsar Peter I ordered the soldiers to drink water from the vessels with the
piece of flaky stone in them.

American professor Semyon Tzipursky from Arizona University determined the unique-
ness of carbon in Karelian shungite where it is evenly distributed as conglomerations of
200–300 angstrom. Therefore, they are able to migrate into water in appreciable volumes
especially from powder shungite. According to the radiocarbon analysis, shungite age is
about 2 billion years.

Carbon (C) from the fourth group of the periodic table is the only element for which valency
and coordination number coincide. Thanks to this peculiarity, carbon is able to form the
compounds practically with any atoms number in the chain in which there can be any num-
bers of multiple bonds at any combinations.

The work by Robert F. Curl and Richard Errett Smalley is of great importance. There, a hollow
carbon molecule is described as cluster with 60 atoms in it [1]. Theoretically, the structure of 60
atoms (С60,) is calculated. The most stable structure of spherical shell is the combination of
pentagons and hexagons. Under thermal graphite decomposition, there was synthesized a
new substance, the molecules of which have spherical form. So there appeared fullerenes.
Different compounds of fullerene molecules with hydroxyl groups were synthesized. Diagram
of fullerene molecules is given in Figure 1. Fullerene is named by Buckminster Fuller who
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applied such forms while constructing dome-shaped structures [19]. Schematic structure of
fullerene is molecule С60 with affixed to it radicals (ОН). It is demonstrated in Figure 1.

There is a real possibility to obtain different organic compounds based on fullerenes in different
spheres of man activity. Particularly, the researches of shungite affecting asphalt concrete surface
operating performances are conducted in Voronezh State Technical University (Russia) [2–8].

The attention of the scientists from different countries to the new road construction materials
can lead to the appearance of new carbon containing technologies based on fullerenes and
graffenes and spreading our conceptions which will influence the civilization development.

2. Researches of materials surface on scanning tester microscope

The effect of shungite mineral powder particles surface nature on asphalt concrete binding
agent performances is done by scanning tester microscope NanoEducator. It is for visualiza-
tion, diagnosis and modification of substance with micro- and nanodimensional level of spatial
resolution.

The complex of scanning tester microscope NanoEducator consists of measuring head of
scanning tester microscope, electronic block, video camera, connecting cables, computer,
eatching probes and also a set of test samples, expendable materials and toolwares. Software
Mac OS X is used.

Main characteristics of СЗМ NanoEducator are presented in Table 1.

Figure 1. Schematic structure of fullerene is molecule С60 with affixed to it radicals (ОН).
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Fine powder from limestone, shungite and bitumen binding up to 70 μm was analyzed on the
first stage [8].

Samples for scanning were prepared in the following way:

• dispersed powder-like material spreading on an adhesive tape. Before testing there were
applied test metering lattices of the height from 21 to 500 nm ((� 1.2–2.5 nm) and the
period of 3.0 � 0.01 μm.

Then, the sample is fixed to the magnetic padding and placed on the magnetic table in the
measuring head. After that, the area is chosen for investigation and the surface is scanned.

The state of mineral particles surface plays a great role as the chips, defects and microcracks
promote the stronger internal frictions and consequently the better interaction of organic
binding and mineral powder.

Mineral powder plays a role of asphalt concrete structure forming component which provides
the transmission of voluminous bitumen into film state. Together with bitumen it forms asphalt
concrete binding agent substance.

As a result of the analysis, it was determined that limestone powder (Figure 2) is characterized
with compound surface relief by alternation of peaks and depressions with heights difference
from �371 to +429 nm on the scanning area of 8.5 � 8.5 μm. Some evident peaks (light areas)

Characteristics Quantitative characteristics

Scanning mode АСМ, СТМ, lithography

Scanning area 70 � 70 � 10 mkm

Spatial resolution X-Y
Z

~ 50 nm
~ 2 nm (depends on radius of probe curvature)

Minimal scanner step 10 nm

Scanning carrent 100–200 nm

Radius of probe curvature 10–100 nm

Time of scanning 30–40 min (depends on scanning area)

Time of set-up Not more than 10 min

Tested sample size 12 � 12 mm

Sample height Not more than 5 mm

Environment temperature температура 25 � 5�С

relative humidity Not more than 60%

Atmospheric pressure 760 � 30 mm. of mercury column.

Electric network voltage 220 В

Frequency 50 Hz

grounding

Table 1. Main characteristics of СZМ (СЗМ) NanoEducator.
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and depression zones (dark areas) are observed on the surface under research. The surface
unevenness is 0.43 μm. Fractal dimensionality of surface D is 1.73. The structure of shungite
surface (Figure 2 – limestone powder in 3D picture) has less compound relief on the area of
0.46 micromicrone and height difference from �342 to +457 nanomicrone. Shungite surface in
3D is shown in Figure 3.

Such structural nature indicates the more dense powder nature and its high value of specific
surface and particles aggregation.

The structure of shungite surface has less compound relief on the area of 0.46 micromicrone
and height difference from �342 to +457 nanomicrone. Surface fractal dimensionality D = 1.43.

Such nature of the structure indicated that the powder has more dense structure, its specific
surface and particles aggregation is high.Bitumen has rather even uniform surface without any
defects in structure (Figure 4). The scan sample size is 9.5 � 9.5μm, heights difference is from
�821 to 820 nm. Fractal dimensionality of surface is D = 1.97. Bitumen surface in 3D is demon-
strated in Figure 4.

Composite systems are studied on the second stage. The results of scanning show the interaction
of shungite and organic binding agent (Figure 5). The results of the research by Chernousov D.I.
testify the fact, that shungite with its high adsorptive activity relative to organic binding agent
promotes its structurization. Bitumen particles penetrate into shungite porous space and fill it.

Figure 2. 3D picture of limestone powder. Surface fractal dimensionality D = 1.43.
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Figure 3. 3D picture of shungit surface.

Figure 4. 3D picture of bitumen surface.
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Figure 5. 3D picture of the composite “bitumen-shungite surface”.

Figure 6. 3D picture of the composite “bitumen-lime stone” surface.
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Thus the maximal degree of roughness of asphalt concrete binding agent with shungite is
0.027μm (the scan size is 5.0 � 5.0 μm). Fractal dimensionality of the surface is D = 1.64.
Composite “bitumen-shungite” surface in 3D is presented in Figure 5.

The less surface roughness the nearer the value of surface fractal dimensionality to the criteria
“2” that is the material is more dense and homogeneous. Composite “bitumen-lime stone”
surface in 3D is given in Figure 6.

Correlation of the indicators of the surface roughness and fractal dimensionality characteristics
is shown in Figure 7.

3. Comparison of reactive ability of shungite and lime stone powders
during amalgamation with bitumen

Mineral powder together with bitumen form oriented bitumen layers on mineral grains. These
oriented bitumen layers are developed in different degrees. These layers are followed by free
bitumen. The qualitative structure of bitumen changes occur in oriented layer as a result of the
adsorption processes and bitumen or its separate components diffusion deep into mineral
material.

Adsorption is the concentration of substances on a surface or inside a solid body. Not less than
two components take part in the process of adsorption.

The nature of such interaction is conditioned not only by the group bitumen structure but also
by the properties of mineral powder, its chemical mineralogical composition, grains form,
structural peculiarities and surface nature.

Figure 7. Correlation of the surface roughness and fractal dimensionality characteristics.
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Active surface centers are on the surfaces of any mineral material. They condition their capac-
ity of reaction and take part in the interaction with organic binding agent.

The presence of the active centers which can absorb practically all organic compounds existing in
bitumenprovides strong adhesion contacts between binding agents andmineralmaterials surface.

Chemisorptions are substances adsorption from the surrounding environment by liquid or
solid body. It is accompanied by the formation of chemical linkages. Absorption is considered
as a substance chemical adsorption by solid body surface that is as chemical adsorption. At
chemisorptions there is a linkage formed between atoms (molecules) of adsorbent and adsor-
bate. Therefore, it can be considered as chemical reaction which is limited by surface layer.

Interaction of binding agents and mineral materials is the most fully appeared during chemi-
sorptions processes taking place on the interface. Herewith the binding components diffuse
into pores spaces of mineral materials and there is a physical adsorption of binding surface
film which adheres to the stone materials.

In the very work, the reactive properties of the mineral material were considered according to
the bitumen amount adsorbed from benzene solutions [9].

The amount of bitumen adsorption from benzene solutions on the surface of mineral powders
was defined by the following method:

Bitumen solutions were prepared on the pure chemical nonpolar benzene of four different
concentrations: 1, 3, 6, 9 g/l. Weights of tested powders of 5 g each were put into with ground-
in stoppers glass flasks of 200 ml capacity and then they were covered with 50 cm3 of benzene
solutions of designed concentrations and agitated on a special plant for an hour.

After agitating, the flasks with the contents were left alone for 24 h. Then the part of the
solution was taken out from the flasks and the bitumen concentration was determined by
photometer KFK-3 (КФК-3).

The absorption was calculated by the formula:

ð1Þ

where

Со – initial concentration, kg/m3;

С – equilibrium concentration, kg/m3;

V – solution volume, m3;

M – mineral powder mass, kg

The amount of bitumen chemically connected with the powder surface was defined according
to the difference of adsorption and adsorbed bitumen values.

Desorption were conducted by the following method:
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Thus the maximal degree of roughness of asphalt concrete binding agent with shungite is
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Figure 7. Correlation of the surface roughness and fractal dimensionality characteristics.
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The powder left after measuring of adsorption value was covered by 50 sm3 of pure benzene and
agitated on a special plant for an hour. The flasks were left alone for 24 h. After that the samples
were taken and the bitumen concentrationwas determined by photometer KFK-3 (КФК-3).

According to the amount of the powder left on the mineral powder surface, it is possible to
reason about the powder surface activity.

The conducted experiment allows to estimate the adsorption properties of the under test
mineral materials. The results of the investigations are given in the Figure 8.

Figure 8. Adsorption–desorption of bitumen on shungite and lime stone surfaces on benzene solutions.

Modified Asphalt90

The bigger amount of bitumen is adsorbed on the shungite mineral powder surface than on the
lime stone material surface. It was the same at the primary absorption and after the adsorption
with benzene. For example, 19 g/g of bitumen are absorbed on shungite surface at bitumen
concentration in benzene solution of 3 g/g but 14 g/g of bitumen are absorbed on a lime stone
surface, respectively.

The influence of mineral powders on the bitumen structure changing after its desorption from
the surface was researched by the spectroscopy method. This method allows investigating
mechanism of powders interaction with bitumen, revealing the changes in its structure after
adsorption on the mineral powder surface.

It was determined that after bitumen desorption from the shungite surface insignificant
amount of organic compounds were left in binding agent. Therefore, they were adsorbed on
the surface of shungite mineral powder while their great part on the surface of mineral powder
from lime stone was desorbed with benzene. Figure 8 demonstrate adsorption–desorption of
bitumen on shungite and lime stone surfaces on benzene solutions.

The research results of bitumen adsorption and desorption on the surfaces of dispersed mate-
rials and bitumen infrared spectrums after the contact with mineral powders show that
shungite mineral powder interacts with bitumen more actively than with the lime stone
powder (Figure 8). The obtained results prove the formation of stable chemisorption bitumen
bonds with shungite surface.

4. Infrared spectroscopy

During infrared radiation passing through the substance, the excitation of molecule oscillating
movement or their separate fragments takes place. It is observed that the abatement of inten-
sity of the light passed through the sample. The absorption is not in the whole spectrum of
incident radiation but only at those wavelengths the energy of which relative to the energy of
excitation of oscillations in the molecules under research. Therefore, the wavelengths (or
frequency) at which there is maximal absorption of infrared radiation can indicate the presence
of these or those functional groups or other fragments in the sample molecular.

5. Shungite mineral powder effect on the asphalt concrete structural-
mechanical properties in time

The researchers studied theoretical and practical aspects of shungite mineral powder with
account of its interaction with organic binding. The interaction of binding agent with mineral
materials depends on chemisorptions processes on their interface. The strength of
chemiadsorption bonds between bitumen and mineral powder depends not only on the chem-
ical impact of the bitumen and mineral powder components but also on the mineral powder
particles surface state, studied with the microscope (C3M) NanoEducator.
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The higher shungite mineral powder porosity than limestone promotes the concentration of
the considerable amount of resin in surface microspores. But some amount of oils penetrates
the material because of the selective diffusion. That is why structured bitumen films on the
shungite particles surface have strong cohesion with them.

Porous filler in shungite bitumen binding agent composition provides the lower temperature
of the surface cracking. The tensile strength in such a composition is rather higher than the
standard asphalt concrete tensile strength based on dense filler as the friction between the
particles is higher due to the greater roughness and specific surface of shungite particles.

The presence of shungite bitumen binding agent in asphalt concrete mix allows increasing
surface fracture strength. It is because the chemical activity of shungite particles after their
pores filled with bitumen light fractions minimizes internal tension and improves thermal
stability of the material.

Shungite particle porosity has better developed specific surface of different mix components as
during dry mixing of mineral materials before their integration with bitumen the small mineral
powder particles adhere to filler grains. At such processing, a mechanical “modification” of big
grains surface which improve bitumen adhesion takes place with them.

Bitumen in thin layer on the mineral particles surface becomes structured, more dense and
viscous changing its nature in time. That is why the nature of asphalt concrete mixes based on
mineral powder from shungite was defined in different periods at samples conditioning in air:
2, 15, 30, 60 and 90 daily age. Changing of structural mechanical properties of asphalt concrete
in time at t + 20�C is presented in Figure 9.

The analysis of received results allows determining the following:

in consequence of continuing processes of structure forming the compression strength limits of
asphalt concrete based on shungite binding agent at t = 20� (Figure 9) and 50�C (Figure 10)
increases in dependence on sample age conditioning in air. Figure 10 shows the changing of
asphalt concrete structural mechanical properties in time at t + 50�C.

The higher strength limit of asphalt concrete with mineral powder under compression at t = 20
and 50�C than standard asphalt concrete based on lime mineral powder indicates the higher

Figure 9. Changing of structural mechanical properties of asphalt concrete in time at t + 20�C.

Modified Asphalt92

shear strength of asphalt concrete surfaces with shungite bitumen binding agent [4]. It has
become usual that the asphalt concrete life service is considerably smaller than theoretically
possible according to the abradability conditions. It shows the unconformity of structure –
rheological performances of asphalt concrete and its operation conditions. Asphalt concrete
during its life duration is affected by different factors: traffic loads, heating, cooling, humidifi-
cation, and so on. But the normative documents recommend asphalt concrete designing only
according to the strength in dependence on traffic load. The possibility of forming shear
deformations on asphalt concrete surface in summer time or thermal cracks at negative tem-
peratures is not considered. That is why the deformations excite premature surface destruc-
tions more often than the vehicle loads.

Asphalt concrete under different effects is elastic or elastic-viscous, or plastic substance. The
theory of elasticity or the theory of plasticity describes only particular cases of asphalt concrete
stress state and cannot create the full picture of asphalt concrete operation. Rheology describes
asphalt concrete work in deflected mode more objectively.

In rheology, the possibility to describe the stress and deformation in time by differential
equations appears. The sphere of these equations definition depends on conditions in which
the given materials work. It is suggested that compositional viscous -elastic–plastic material
has the total main properties: elasticity, viscosity and plasticity.

While differential equating the main material properties are shown as physically substantiated
mechanical models, deformation laws of which are premeditated. In rheology, different simple
and complicated models of physical bodies which should correspond to the differential equa-
tions situation are used.

While researching rheological characteristics of asphalt concrete based on mineral powders
from shungite and limestone, the method by Boguslavsky [10] and Ya. N. Kovalyov was
applied. For that target, the height h and the diameter d of asphalt concrete samples before
and after the testing and the limit of compression strength were measured.

According to these data, the values of rheological parameters were calculated as follows:

Figure 10. Сhanging of asphalt concrete structural mechanical properties in time at t + 50�C.
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Relaxation time:

Θ ¼ 400 � h � Δh2
Δd2

(2)

Retardation time:

τ ¼ 1000 � Δd
h

(3)

Coefficient of elasticity:

K ¼ R � h
Δh

(4)

Viscose compliance coefficient:

γ ¼ τ
K

(5)

Viscose coefficient according to Mazwell’ s equation:

ηm ¼ Θ � K (6)

Viscosity of undisturbed structure was defined by the formula.

ηm ¼ 400 � R � h21 � Δh
Δd

(7)

Water saturation duration, samples age and freezing cycle number influence rheological char-
acteristics of asphalt concrete were investigated in the road laboratory.

The blanket from crushed stone-mastic mix with shungite mineral powder was constructed in
order to satisfy the experiment and study physical-mechanical properties in real operation
conditions. Before that, shungite mineral powder of gabbroic-diabase- crushed stone and
crushed stone from gabbroic –diabase and bitumen were tested.

The additive based on cellulose filaments Viapor was used as stabilized additive preventing
mix segregation and bitumen-shungite binding delimitation at high technologic temperatures.
This additive increases the thickness of bitumen film on mineral particles. The mineral propor-
tion of crushed stone-mastic asphalt concrete mix was matched during the research. The
composition should provide as follows:

• shear resistance and rut forming resistance at high temperatures;

• water saturation of surface layers at small residual porosity.

• higher crack resistance at surface deformation and under mechanic effects from vehicles.

• high wear resistance.

• uneven surface texture and designed coefficient of adhesion;

• aging resistance.

Modified Asphalt94

For optimization of composition of crushed stone-mastic and shungite mineral powder, the
specific peculiarities of them were considered.

Figure 11. Grain proportion of mineral part of asphalt concrete.

Date of testing Number
of
samples

Place of
sampling

Layer thickness
g(upper /lower)
layer)

Surface
samples

Fact. Weight of
dry
sample, g

Weight of dry sample
in 30 minutes of aging
in water, g

Volume
weight
g/cm3

Water
saturation,
% of
volume

1 2 3 4 5 6 9 10

01.10.2011
(shungite
mineral
(powder)

1 1–1 (В) 5.0 572.20 576.93 2.53 2.36

1–2 (В) 5.1 920.72 927.76 2.54 3.50

1–3 (В) 5.0 972.90 976.12 2.58 2.11

3 3–1 (В) 5.3 967.88 970.26 2.57 1.68

3–2 (В) 5.8 973.60 976.79 2.57 1.26

3–3 (В) 5.5 1169.82 1171.60 2.56 0.66

4 4–1 (В) 5.0 902.55 905.24 2.58 1.01

4–2 (В) 5.3 1041.18 1044.03 2.54 1.88

4–3 (В) 5.1 879.19 884.64 2.54 3.10

01.10.2011
Lime stone
mineral
powder

5 5–1 (В) 5.1 868.72 871.10 2.59 1.66

5–2 (В) 5.0 1152.31 1156.71 2.50 2.46

5–3 (В) 5.0 871.29 872.98 2.56 1.79

6 6–1 (В) 5.2 909.79 911.48 2.60 1.28

6–2 (В) 5.7 1420.38 1422.85 2.56 0.81

6–3 (В) 5.7 1363.83 1366.46 2.55 1.06

Table 2. Physical-mechanical indexes of asphalt-concrete from pilot and control sites.
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The materials physical-mechanic properties which comply with demands of standard docu-
ments were used in asphalt concrete crushed stone-mastic composition.

Granularmetric proportion of crushed-stone asphalt-concrete is demonstrated in Figure 11.

After asphalt concrete paving on the pilot site, the blanket has been observed. The adhesion
coefficient, evenness, rutting and physical-mechanical properties of asphalt concrete was
defined. The results of physical-mechanical properties, adhesion indexes testing are in
Tables 2, 3, and the diagram of sampling is in Figure 12. Physical-mechanical indexes of
asphalt-concrete from pilot and control sites are in Table 2.

There is the diagram of sampling on pilot site demonstrated in Figure 12.

The coefficient of adhesion is defined at the same time on the pilot site of crushed stone surface
with shungite mineral powder and on the control site with lime stone mineral powder. The

Shungite Shungite Shungite Shungite Shungite Lime
stone

Lime
stone

Lime
stone

Lime
stone

Lime
stone

30.08.2011 19.10.2012 19.05.2012 03.10.2012 08.05.2013 30.08.2011 19.10.2012 19.05.2012 03.10.2012 08.05.2013

0.390 0.510 0.380 0.450

0.420 0.560 0.420 0.400

0.335 0.520 0.44 0.48

0.382 0.53 0.451 0.389 0.365 0.413 0.443 0.401 0.325 0.309

0.333 0.5 0.437 0.361 0.338 0.379 0.398 0.359 0.315 0.246

0.43 0.56 0.466 0.418 0.393 0.448 0.489 0.443 0.335 0.372

Table 3. The dynamics of adhesion capacity on pilot and control sites.

Figure 12. The diagram of sampling on pilot site.

Modified Asphalt96

dynamics of adhesion capacity on pilot and control sites are given in Table 3, but the ruts state
is demonstrated in Figure 13.

The monitoring for the state of crushed stone-mastic blanket shows that shungite containing
asphalt concrete is in less degree rut prone in comparison with asphalt concrete on lime stone
mineral powder.

6. The analysis of traffic load effect on a road blanket

The assessment and prediction of fatigue asphalt concrete properties are the actual problems in
assurance of nonrigid road surface reliability.

The effect of fatigue is taken as a process of progressive material destruction by cracks. There
are differed three forms of destruction: the beginning of cracks formation; the period of their
stable growth and the stage of their intensive growth.

In comparison with the initial period of cracks formation which takes a significant time, the
phase of stable cracks growth can be analyzed as the main fatigue process. Cyclic effect of
moving vehicles (load) leads to the progressive cracks growing up to the critical depth. A crack
increases spontaneously in the third stage which induces the fracture of the material. [11].

The analysis of fatigue performances based on the thermal fluctuation theory of fracture by
S.N. Zhurkov shows that fatigue properties of asphalt concrete directly depends on the degree
of the plasticity and there is a definite connection between strength and fatigue material
properties. There are two different methods of fatigue tests [12]: the test with constant stress
amplitude; the test with constant deformation amplitude.

Figure 13. Ruts state on the site with shungite mineral power.
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Granularmetric proportion of crushed-stone asphalt-concrete is demonstrated in Figure 11.

After asphalt concrete paving on the pilot site, the blanket has been observed. The adhesion
coefficient, evenness, rutting and physical-mechanical properties of asphalt concrete was
defined. The results of physical-mechanical properties, adhesion indexes testing are in
Tables 2, 3, and the diagram of sampling is in Figure 12. Physical-mechanical indexes of
asphalt-concrete from pilot and control sites are in Table 2.

There is the diagram of sampling on pilot site demonstrated in Figure 12.
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with shungite mineral powder and on the control site with lime stone mineral powder. The

Shungite Shungite Shungite Shungite Shungite Lime
stone

Lime
stone

Lime
stone

Lime
stone

Lime
stone

30.08.2011 19.10.2012 19.05.2012 03.10.2012 08.05.2013 30.08.2011 19.10.2012 19.05.2012 03.10.2012 08.05.2013

0.390 0.510 0.380 0.450

0.420 0.560 0.420 0.400

0.335 0.520 0.44 0.48

0.382 0.53 0.451 0.389 0.365 0.413 0.443 0.401 0.325 0.309

0.333 0.5 0.437 0.361 0.338 0.379 0.398 0.359 0.315 0.246

0.43 0.56 0.466 0.418 0.393 0.448 0.489 0.443 0.335 0.372

Table 3. The dynamics of adhesion capacity on pilot and control sites.

Figure 12. The diagram of sampling on pilot site.

Modified Asphalt96

dynamics of adhesion capacity on pilot and control sites are given in Table 3, but the ruts state
is demonstrated in Figure 13.

The monitoring for the state of crushed stone-mastic blanket shows that shungite containing
asphalt concrete is in less degree rut prone in comparison with asphalt concrete on lime stone
mineral powder.
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stable growth and the stage of their intensive growth.
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phase of stable cracks growth can be analyzed as the main fatigue process. Cyclic effect of
moving vehicles (load) leads to the progressive cracks growing up to the critical depth. A crack
increases spontaneously in the third stage which induces the fracture of the material. [11].

The analysis of fatigue performances based on the thermal fluctuation theory of fracture by
S.N. Zhurkov shows that fatigue properties of asphalt concrete directly depends on the degree
of the plasticity and there is a definite connection between strength and fatigue material
properties. There are two different methods of fatigue tests [12]: the test with constant stress
amplitude; the test with constant deformation amplitude.

Figure 13. Ruts state on the site with shungite mineral power.
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The test of fatigue with constant deformation amplitude is more correct in comparison with
the test with constant strain amplitude; as practically, it is not possible to determine the
constant stress during the cracks growing and accordingly and the reduction of material area.

Asphalt concrete fatigue fracture in the blanket takes place as a result of cracks formation in
the lower tension region and their constant diffusion onto the cover blanket surface. The
number of repeated loads necessary for the cracks diffusion onto layer thickness exceeds the
number of cycles before the appearance of the first fatigue crack in 20 times. Therefore, the
asphalt concrete durability in a blanket exceeds the number of cycles “load-unload” without
intervals in which asphalt concrete sample sustains up to fracture in the laboratory in 100 [12]
or 200 [13] times.

Operation ability factors of asphalt concrete reliability can be divided into two groups: external
and internal.

To the external factors we can refer the environment influence of three types: mechanical,
physical-climatic and chemical; to the internal: the indexes of quality, determining the asphalt
concrete ability to resist the mentioned types of external one.

The typical fatigue peculiarity is the following: the load factor which is less than the destruc-
tive one leads to the progressive durability and degradation of road surface.

Bearing capacity and operation durability of asphalt concrete blanket are more completely
characterized by modulus of elasticity and tensile in bending strength.

Dynamic state of road blanket depends on traffic flow concentration and composition and also
on the intervals between separate cars.

Traffic loads induce both deflections and oscillations in road blanket are conditioned by
momentary elasticity and elastic deflection of road constructions.

While researching bitumen water resistance and adhesion to mineral powders in a laboratory
it was proved that bitumen stresses exfoliation from the mineral material surface were com-
paratively small [14, 15]. In real operation conditions, the additional stresses appearing at
traffic movement influence on the wet blanket exceed the thermodynamic ones. Practically,
water presses into a blanket in front of the moving wheel and presses out from a blanket after a
wheel. The results of such a pumping action are various and difficult for consideration.

At short-term contact of moving wheels with surface, the water pressure in pores of up to
0.05 cm radius is not enough for asphalt concrete fracture but for popcorn mixes it can reach
destruction quantity.

If the prolong temperatures are >50�С the deformations of different types appear on an asphalt
concrete blanket. The reason is the following: after heat accumulation in asphalt concrete
layers, the degradation of bitumen viscosity takes place. According to the second law of
thermodynamics (entropy), the grade of the temperature, concentration, barometric pressure
always direct from the big value to small one. That is why bitumen starts to move upwards
because its concentration is higher inside the asphalt concrete blanket than on the surface.
Hereby there is its transition from structured state into the phase of free bitumen. The distance

Modified Asphalt98

between the mineral material grains increases and the possibility of transmission as a result of
wheel load application appears.

It was proved that the mechanism of accelerated fatigue fracture of water saturated asphalt
concrete during surface under cyclic dynamic loads is conditioned in certain grade by the
appearance of pulse hydrodynamic pressures in water saturated pores of between grains
space. Experimental researches of fatigue properties of asphalt concrete while working in the
water saturated state show that the service life before the fracture in water saturated state is
shorter in 1.5–2.5 times in comparison with the asphalt concrete working in dry state [11, 16].
That is why the formation of pulse hydrodynamic pressures in pores of water saturated
asphalt concrete under the moving cars dynamic loads is one of the main mechanisms of
asphalt concrete fatigue in watering conditions [14].

7. Previous work reports of dynamic loads on fatigue properties of asphalt
concrete

At the car speed of more than 30 km/h the surface load process at the reference point d during a
small time interval can be represented as the static load F affecting on the definite blanket
volume on the base under the harmonic vibrations. With account of the before mentioned
assumption, the authors used the developed in the university (VGASU) method of the predic-
tion of asphalt concrete operational properties based on the results of testing of the beams
4 � 4 � 16 (cm) on the vibration exciter (Figure 14).

Vibration exciter provides the production of a frequency and vibrational amplitude from 10 up
to 100 Hz and from 0.1 to 5 mm respectively gradually regulated during the operation time.
The load onto the sample can change from 2 to 60 kg.

Figure 14. Vibration exciter at the moment of asphalt concrete beams testing.
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always direct from the big value to small one. That is why bitumen starts to move upwards
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Hereby there is its transition from structured state into the phase of free bitumen. The distance

Modified Asphalt98

between the mineral material grains increases and the possibility of transmission as a result of
wheel load application appears.

It was proved that the mechanism of accelerated fatigue fracture of water saturated asphalt
concrete during surface under cyclic dynamic loads is conditioned in certain grade by the
appearance of pulse hydrodynamic pressures in water saturated pores of between grains
space. Experimental researches of fatigue properties of asphalt concrete while working in the
water saturated state show that the service life before the fracture in water saturated state is
shorter in 1.5–2.5 times in comparison with the asphalt concrete working in dry state [11, 16].
That is why the formation of pulse hydrodynamic pressures in pores of water saturated
asphalt concrete under the moving cars dynamic loads is one of the main mechanisms of
asphalt concrete fatigue in watering conditions [14].

7. Previous work reports of dynamic loads on fatigue properties of asphalt
concrete

At the car speed of more than 30 km/h the surface load process at the reference point d during a
small time interval can be represented as the static load F affecting on the definite blanket
volume on the base under the harmonic vibrations. With account of the before mentioned
assumption, the authors used the developed in the university (VGASU) method of the predic-
tion of asphalt concrete operational properties based on the results of testing of the beams
4 � 4 � 16 (cm) on the vibration exciter (Figure 14).

Vibration exciter provides the production of a frequency and vibrational amplitude from 10 up
to 100 Hz and from 0.1 to 5 mm respectively gradually regulated during the operation time.
The load onto the sample can change from 2 to 60 kg.
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Analytical dependences able to determine operation period duration under simulation load
were taken as the base of method.

The vibrations similar to the harmonic form are modeled on a vibration exciter:

A ¼ A0sin ωtþ φ0

� �
(8)

where A – vibrational amplitude at the time moment t:

Ао – maximal amplitude;

φо – initial form.

ω ¼ 2πf - cyclic frequency, where ƒ – vibrational frequency of vibration exciter.

direction of the forces, effecting on asphalt concrete test beam in relaxation stage can be
represented in Figure 14 as:

where F1 – static load weight influencing the asphalt concrete beam.

F2 – elastic force in asphalt concrete beam;

F3 – inertial force during vibration exciter vibrations;

d – arbitrary point of load application.

The process of asphalt concrete fatigue fracture usually has three stages: internal fractures
accumulation accompanied by a significant elasticity module reduction; microcracks
appearing at small velocity of module elasticity reduction; propagation and progressive devel-
opment of cracks with strong reduction of elasticity module [3].

The tension acting in the beam section in the bridge span center was calculated by the formula:

σ ¼ 3P∂l
2bh2

(9)

where P∂ - dynamic load; l – span between piers; b, h – section size. The value of the relative
deformation was defined by the formula:

εm ¼ n1 � n2ð Þ
Km

� 5 � 10�6 (10)

where n1 и n2 - strain transducer registration for the sample without loading and vibration,
and after the loading and vibration; Кm– coefficient of strain-sensitivity of a strain transducer.

The values of relative deformation were defined by a strain transducer registrations should be
close to the design ones received by the formula:

εp ¼ 6fh
l2

(11)

At adherence to the situation εp ¼ εm the module of elasticity is defined by the formula:

Modified Asphalt100

E∂ ¼ σ=εm (12)

σ ¼ 3Pl gþ 4A0π2f 2
� �

2bh2
(13)

The final formula for dynamic module of elasticity determination is written down as:

E∂ ¼
3Pl gþ 4A0π2f 2

� �
Km

2bh2 n1 � n2ð Þ � 5 � 10�6 (14)

The assessment of operation reliability caused by operating –climatic effect (T) is implemented
by the formula:

T ¼ Np

NЭ
(15)

where Np - number of asphalt concrete loading cycles up to its dynamic elasticity module
abatement in two times; design number of wheels loading application during the year of road
blanket service.

NЭ ¼ NпрK1K2 (16)

where Nnp – equated movement intensity; K1 – coefficient of a car track overlapping; K2 –
coefficient considering portion of design cars in a flow (0.3–0.4).

For the investigation of asphalt concrete cyclic fatigue in a laboratory, the following factors
were taken: asphalt concrete water saturation as physical-climatic; aging after heating during
5 h at t 150�C as chemical; asphalt concrete composition formula as internal ones.

Cyclic fatigue under dynamic loads is tested on the specially constructed diagnostic tester in the
laboratory providing load applicationwith frequency of 868min�1 in the regime of cyclic bending
of the 2.5� 4� 16 cm size test beams at the fixed deformation amplitude. The test temperature is
20�С. The fatigue deformation amplitude was registered by the moment of destruction. The
deformation amplitude while testing was 0.0021 (the test beam kinkwas equal to zero).

The use of shungite powder instead of standard mineral powder promotes the growth of
asphalt concrete fatigue life especially in the conditions of asphalt concrete water saturation.
It may be connected with the higher adhesion of shungite powder.

One of the important properties of asphalt concrete predetermining its durability (during the
destruction) is its structural stability in the changing humidity regime and temperature conditions.
At water saturation adsorption aqueous layers simplify the formation of new surfaces in asphalt
concrete during its deformation reducing the surface energy (Rehbinder’s effect). Wedge effect of
aqueous layers separating mineral grains and exfoliating bitumen strengthens the destruction
effect. The mechanism of accelerated fatigue destruction of water saturated asphalt concrete at
surface operation in the regime of cyclic dynamic loads is conditioned by the appearance of
hydrodynamic pulsations in filled with water porous. This fact was investigated by Rudensky [17].
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where Nnp – equated movement intensity; K1 – coefficient of a car track overlapping; K2 –
coefficient considering portion of design cars in a flow (0.3–0.4).

For the investigation of asphalt concrete cyclic fatigue in a laboratory, the following factors
were taken: asphalt concrete water saturation as physical-climatic; aging after heating during
5 h at t 150�C as chemical; asphalt concrete composition formula as internal ones.

Cyclic fatigue under dynamic loads is tested on the specially constructed diagnostic tester in the
laboratory providing load applicationwith frequency of 868min�1 in the regime of cyclic bending
of the 2.5� 4� 16 cm size test beams at the fixed deformation amplitude. The test temperature is
20�С. The fatigue deformation amplitude was registered by the moment of destruction. The
deformation amplitude while testing was 0.0021 (the test beam kinkwas equal to zero).

The use of shungite powder instead of standard mineral powder promotes the growth of
asphalt concrete fatigue life especially in the conditions of asphalt concrete water saturation.
It may be connected with the higher adhesion of shungite powder.

One of the important properties of asphalt concrete predetermining its durability (during the
destruction) is its structural stability in the changing humidity regime and temperature conditions.
At water saturation adsorption aqueous layers simplify the formation of new surfaces in asphalt
concrete during its deformation reducing the surface energy (Rehbinder’s effect). Wedge effect of
aqueous layers separating mineral grains and exfoliating bitumen strengthens the destruction
effect. The mechanism of accelerated fatigue destruction of water saturated asphalt concrete at
surface operation in the regime of cyclic dynamic loads is conditioned by the appearance of
hydrodynamic pulsations in filled with water porous. This fact was investigated by Rudensky [17].
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The assessment of asphalt concrete by the method of dynamic effect on the water saturated
samples is more corresponding to the operation conditions of the material in road construction
than the known methods based on statistic water action. That is why the tests of comparison
fatigue of asphalt concrete durability were conducted on dry and water saturated samples.
Water saturation of asphalt concrete samples was 1.65–1.66% by volume. Values of fatigue
durability of asphalt concrete samples were given in Table 4.

The application of shungitematerial instead of the lime stonemineral powderpromotes the growth
of asphalt concrete fatigue durability especially in the conditions of water saturation. It connects
with high adhesion activity of shungite carbonwith shungite carbon containingmaterial [21].

The increase of asphalt concrete fatigue durability with the application of shungite mineral
powder as a result of aging (after the heating for 5 h) demonstrates the properties stability
under temperature effect. It is clear that it connects with oil migration from pores in carbon
containing materials and bitumen film rejuvenation during aging.

8. Asphalt concrete bindings effect

An important structure unit of asphalt concrete that is asphalt concrete binding is generated
while mixing mineral filler with organic binding. The nature of asphalt concrete is determined
by the quality of the asphalt concrete binding. The properties of the system “bitumen-mineral
powder” depend on the properties of binding, chemical-mineral composition and mineral
filler dispersion, and also these components proportions [18].

The interaction of bitumen with mineral powder is conditioned not only by the rather devel-
oped specific filler surface but also by internal grain surface generated by the branched
microspores system. Porous fine dispersed fillers cause strong structuralized influence than
dense ones. Micropores differ by the high adsorption potential due to which the significant
part of surface active components of bitumen sorbs in them. Therefore, it is possible to suggest
that porous mineral fillers will cause strong structuralized influence on bitumen than the
traditional materials. It is clear that the interest to porous fillers in asphalt concrete composi-
tion is conditioned by this.

Asphalt concrete composition Aging
(Thermal effect)

Number of destruction cycles

dry Water saturated

Granit sieving – 92%,
lime-stone
mineral powder �8%, bitumen
of road oil asphalt 60/90–7.5%

Without heating 14,756 10,416

After 5 h of heating 17,707 11,488

Granit sieving –92%,
shungite mineral powder – 8%,
road oil asphalt 60/90–7,

Without heating 17,757 14,322

After 5 h of heating 20,092 16,297

Table 4. Values of fatigue durability of asphalt concrete samples.

Modified Asphalt102

Mineral powder from shungite (Medvezhjegorskoe deposit) differs from the traditional
one from dolomite by bigger porosity of the surface and high developed micropores
system and also bitumen of the grade БНД 60/90 of Ryazan НПЗ was investigated. The
dispersed raw under study will be correct to test for accordance with the demands [5]
asphalt concrete mixes mineral powders. Characteristics of under research fillers proper-
ties are shown in Table 5.

Mineral powder meets the requirements. But the porosity of the material 20–25% higher than
the porosity of lime stone filler and the value of specific surface at the same grain metric
proportion is 60–70% higher. So the conclusion is the system of micropores of under research
carbon containing raw material is more developed.

The results of the experimental researches of asphalt concrete binding agent. From our
point the most informative method of studying the method “bitumen-mineral powder” is
the investigation of asphalt concrete binding agent characterized by greater homogeneity
of the structure and stability of the properties. Asphalt concrete binding agent was
produced from according to the standard method with the before bitumen amount
batching. Thus for the mineral powder from shungite the index is 16.2% which is 26%
more than traditional lime stone mineral powder has. These data are correlated with the
indexes of bitumen proportion in powders. The research results of the physical chemical
properties of asphalt concrete binding agent with optimal amount of bitumen are given
in Table 6.

Coefficient of composite thermal stability and its water resistance are the most interesting
among all the data. Therefore, the index of heat resistance of shungite is 14.3% more than
while using the traditional mineral powder from lime stone or dolomite. Thermal resis-
tance of mixes and asphalt concrete is characterized by the coefficient of thermal resis-
tance defined as the ratio of ultimate compression strength at t-20�C to the ultimate stress
limit at t = 50�C.

As the under research, raw material is porous; the water can penetrate inside the shungite
grains and decompose the asphalt concrete binding agent on the bitumen- mineral powder
interface if binding agent covers mineral powder surface partially or if the adhesion bonds
are weak.

Names of the characteristics Mineral powder МП-2 Demands of the standard

shungite

Grain proportion, % on mass:
Smaller 1.25 mm
<0.315 mm
<0.071 mm

100
98
80

Not less than 95
from 80 to 95
not less 60

Porosity, % 37 Not more 40

Indexes bitumen capacity, g 48 Not more 80

Humidity, % on mass 0.55 Not more 2.5

Table 5. Characteristics of under research illers properties.
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batching. Thus for the mineral powder from shungite the index is 16.2% which is 26%
more than traditional lime stone mineral powder has. These data are correlated with the
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properties of asphalt concrete binding agent with optimal amount of bitumen are given
in Table 6.
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among all the data. Therefore, the index of heat resistance of shungite is 14.3% more than
while using the traditional mineral powder from lime stone or dolomite. Thermal resis-
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9. Research of structuralized processes in asphalt concrete

The growth of the strength of the samples from shungite is 9.3% compared with the analogical
indexes on lime stone [6, 15]. At less density, the growth of strength characteristics in time which
attests the process of structurization of asphalt concrete on shungite mineral powder takes place.

This process can be explained from the point of active extraction of bitumen components with
mineral powder from shungite. While analyzing the structure of asphalt concrete agent by
microscope (C3M) NanoEducator at increase in 1000 and 2000 times (Figure 15), it is possible
to mention the substance structure vagueness. The following figure present microstructure of
asphalt concrete binding agent from (a) shungite (b) lime stone.

It is clear that an original solution of shungite occurs during amalgamation of binder and
shungite. Modern image about the material under study is the precondition for such a suppo-
sition. It is known that shungite substance is not a simple amorphous carbon but a mix of
various carbonic allotropes which have small lattices connected with amorphous carbon [20].
The more so various mixes of compound organic substances are a part of shungite composi-
tion. It is 97–99% of water saturated organics of shungite which escapes into the solution
together with fullerenes and determine their properties.

Chemical composition of mineral powders from shungite and lime stone is shown in Table 7.

10. Conclusions

1. Experimental researches of physical-mechanical properties of asphalt concrete mixes of
different types proved the possibility mineral powder from shungite application. So the
interaction of bitumen with shungite mineral powder provides the formation of a stable
structure of asphalt concrete with the predominance of closed pores.

Name of the index Mineral powder МП-2 Requirements of established order

shungite

Compression strength, М Па: при

20�С

20�С in water saturated condition 50�С 4.3

3.9

2.7 —

Water saturation of samples from powder and bitumen
mix

0.9 Not less than 0.7

Swelling of samples from powder and bitumen mix, % 1.87 Not more than 3.0

Coefficient of heat resistance 0.63 —

Table 6. Physical chemical properties of asphalt binding agent.

Modified Asphalt104

2. The results of investigation of shungite mineral powder on scan prob. microscope with
nanodementional resolution demonstrate the ability of shungite with high adsorption
activity in comparison with organic binding promotes its structurization. Together
with bitumen it forms the structured dispersed system acting as a binding material in
concrete.

3. It is determined that at the result of shungite mineral powder application asphalt concrete
has better water resistance and long water saturation properties which provides high
corrosion resistance of asphalt concrete carpet in comparison with traditional powder
from lime stone rock.

Sample Mass portion, %

SiO2 Аl2О3 Fе2О3 Fе2О3

1 (shungite) 45.5 2.3 1.9 1.0

2 (lime stone) 2.1 0.1 1.2 0.8

Table 7. Chemical composition of mineral powders from shungite and lime stone.

Figure 15. Microstructure of asphalt concrete binding agent from a) shungite b) from lime stone.
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4. The use of shungite material instead of lime-stone mineral powder increases the fatigue
durability of asphalt concrete especially in the water saturation condition. It connects with
the high adhesion activity of shungite carbon containing material.

5. During the process of plot arrangement it was determined that asphalt concrete mix has
good placeability and compactability which allows promote designed characteristics of
evenness and compacting factor while constructing road carpets.
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Abstract

Today, high-performance requirements for asphalt pavements demand enhanced 
properties for bitumen to withstand the environmental condition and traffic demand. 
On the other hand, the rapid growth in population and economy results in a continu-
ously increased material consumption, and subsequently waste generation. Among vari-
ous waste materials, rubber and plastic, including high-density polyethylene (HDPE), 
constitute some part of the non-biodegradable solid wastes worldwide. Because of the 
great difficulties in managing the non-biodegradable wastes and the required volume 
of bitumen, the idea of using plastic and rubber as bitumen modifier in new asphalt 
mixtures appears to be an effective and meaningful utilization of these materials. As 
binder plays an important role in the final performance of the asphalt mixture, an under-
standing of modified binder properties is essential in designing an asphalt mixture. To 
this point, since compatibility of asphalt mixture with polymer is the most important 
factor in the blend of polymers and asphalt, the properties of the waste polymers were 
evaluated in this ongoing research by means of advanced thermal analysis and scanning 
electron microscope (SEM). This chapter presents the results of this experimental study 
to evaluate the properties of polymers as potential modifier for virgin bitumen in asphalt 
mixture.

Keywords: bitumen, modified binder, plastic, rubber, HDPE, TGA, DSC, SEM

1. Introduction

Aggregate and binder are two principal constituents of asphalt mixtures. Although the 
mechanical and chemical properties of aggregates can vary significantly depending on their 
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source, the overall durability and other performance characteristics of asphalt mixtures are 
generally limited by the performance of the asphalt binder. Failure of asphalt pavement due 
to the asphalt binder can be attributed to three main sources including:

• rutting occurs at high temperatures as asphalt softens and the elasticity of the binder 
decreases,

• fatigue cracking due to the repeated loading and aging of the pavement, and

• thermal cracking at low temperatures as asphalt becomes brittle.

Failure of asphalt binders is obviously undesirable. Referring to the considerable research in recent 
years focused on improving the binders’ functional properties, the use of polymers as additives 
greatly improves the performance of bitumen, including elasticity increase, cohesion improve-
ment, and temperature susceptibility reduction, which all subsequently lead to the improvement 
of asphalt mixture performance in terms of flexibility, cohesion, and deformation resistance at 
high temperatures. However, the costly nature of polymer modifiers has stimulated research into 
cheaper and more cost-effective modifiers produced from recycled materials. For these reasons, 
and as a quite effective way of disposing of the increasing volume of non-biodegradable wastes, 
which each year are unavoidably generated in different sectors of human activity, polymer wastes 
like plastic and rubber can be a reasonable potential materials for consideration as binder modifier.

In light of this, the purpose of the present work is to study the characteristics of waste poly-
mers as potential modifier of bitumen. In that sense, as discussed in the following sections, 
several samples of bitumen and waste polymers were prepared, and a further thermal and 
microstructural characterization was carried out on these materials.

2. Bitumen

Bitumen is a construction material obtained from crude oil through distillation processes in 
the petroleum refinery. Bitumen is useful in road construction due to some of its properties 
such as adhesion, being water proof and durable. The bitumen is principally used in the road 
construction as a binder where it is mixed with aggregates to produce asphalt mixture. The 
asphalt mixture must have adequate properties in order to withstand the permanent defor-
mation, fatigue cracking, and thermal cracking, which are the main distress modes of flexible 
pavements. Therefore, it should have proper stiffness and bearing capacity and must be able 
to spread load evenly over the pavement layers.

A large number of procedures have described different fractions in bitumen. Based on the 
most common procedure, bitumen is divided into four generic groups of saturates, aromatics, 
resins, and asphaltenes, namely SARAs. The molecular weight of these fractions increases in 
the order S < A < R < A [1].

The structure of bitumen is mostly regarded as a colloidal system. In this system, the asphal-
tene particles are dispersed into the oily dispersion medium called the maltenes, which is 
composed of saturates, aromatics, and resins. As illustrated in Figure 1, a shell of resins has 
covered the asphaltene particles. The temperature and equilibrium between the covering part 
and dissolved part of resins affect the shell thickness [2–4].

Modified Asphalt110

In 1987, as part of the Superior Performing Asphalt Pavement Program (Superpave), an asphalt 
binder specification system was developed for evaluation of asphalt performance properties 
and classification of binders based on its maximum and minimum service temperature. In this 
specification, the physical properties of an asphalt binder was matched with a performance 
grade (PG) based on climatic and environmental condition.

In this PG system, two numbers are assigned to each asphalt grade. For example, for asphalt 
grade of PG 67-22, the first number shows the maximum temperature (in °C) at which the 
binder can still resist permanent deformation adequately. This number is an average seven-
day maximum pavement service temperature. The second number is the minimum tem-
perature at which the binder can perform properly to resist thermal cracking, and hence it 
is the minimum pavement service temperature. The binders with the maximum temperature 
ranging from 46 to 82°C and the minimum temperature ranging from −10°C to −46°C (both 
in increments of 6°) are commercially available, as shown in Figure 2. The diagonal line that 
connects the asphalt grades of PG 82-10 to PG 46-46 is the border between the asphalt grades, 
which can be produced at refineries and are those produced only by modification (shaded 
areas). Useful temperature range (UTR) is a measure of the difference between upper and 

Figure 1. A simplified view of the colloidal structure of bitumen [2].

Figure 2. Performance grades for commercially available binders (after Ref. [5]).
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lower service temperatures. The binders produced at refineries without modification have 
a UTR of not more than 86°C, whereas the modified binder often have a UTR of more than 
92°C. Therefore, UTR can be used as an indicator showing the degree of required modification 
and the cost needed for modification. As UTR increases, this cost increases accordingly [5].

3. Polymer modifiers

The binder characteristics strongly influence the mechanical properties of asphalt mixture. To 
this point, binder should have a certain mechanical and rheological requirements as follows 
in order to fulfill the pavement criteria:

• For homogeneous coating of aggregates, the bitumen should be fluid enough at mixing and 
construction temperatures of about 160°C.

• To resist permanent deformation, the bitumen should be stiff enough at high temperatures 
(about 60°C depending on the local climate)

• To resist the cracking, the bitumen should be soft enough at lower temperature that pave-
ment experiences (approximately down to −20°C depending on the local climate).

Accordingly, it can be concluded that obtaining bitumen to work well under all aforemen-
tioned conditions can be difficult. To surmount this problem, many researchers have tried 
to develop the asphalt pavement performance by improving the asphalt binder behavior 
using different modifiers. There are a large varieties of materials, which are often used for 
modifying the binder, of which polymers are widely known to be easy to use and cost effec-
tive. Referring to available literature (for example, see [6–9]), polymer addition may result in 
both a more flexible binder at low in-service temperature and enhanced properties at high 
in-service temperature, which significantly prevent the pavement from being deformed. They 
also improve the adhesive bonding to aggregate particles [10]. Polymers can exist in two dif-
ferent morphologies while in a solid phase:

• Amorphous, in which molecules are randomly oriented within the polymer when the mate-
rial is cooled in a relaxed state. The cooled state of amorphous materials is highly similar to 
their molten state. The only difference between these two states is the molecules’ distance. 
These polymers can easily be altered in shape and generally exist in a rubbery state.

• Semicrystalline is an arrangement of ordered molecules with some amorphous regions. As 
the semicrystalline polymer cools, a portion of the molecular chains forms crystals by folding 
up into densely packed regions. The polymer is classified as semicrystalline, if more than 35% 
of the polymer chain forms these crystals. These polymers are stiff and exist in a glassy state.

The degree of crystallinity in a polymer is affected by different factors such as polymer type, 
additives, and cooling rate. The morphology and degree of crystallinity significantly influence 
the polymers’ properties. Polymers with high degree of crystallinity have a higher glass transi-
tion temperature and higher modulus, toughness, stiffness, tensile strength, and hardness. In 
addition, they have more resistance to solvents but are less resistant to impact strength [11].

Modified Asphalt112

Today, there are a large varieties of polymers that are often used for modifying the binder. 
These polymers can be mainly classified into the following categories:

• Elastomers such as rubber can be stretched and then recover their shape when the stretching 
force is released. Elastomers contribute to the elastic component of binder. The addition of 
elastomers to the binder results in an increase in the binder stiffness at high temperatures and 
loading and subsequently will improve the resistance to permanent deformation. However, 
elastomers will not substantially improve the ability of asphalt mixtures in thermal resistance.

• Plastomers such as polyethylene can form tough, rigid, three-dimensional networks within the 
bitumen resulting in increase of the initial strength of the bitumen, and subsequently improv-
ing the ability of asphalt concrete to resist the heavy loads. Plastomers have less elasticity 
compared to elastomers as they do not provide an increase in the plastic component of binder 
while they increase the binder’s stiffness at high temperature and loading [12]. Therefore, 
plastomers can improve the rutting resistance, but they lack the improvements in fatigue 
resistance, cracking resistance, and low-temperature performance [13] because of increased 
intermediate and low-temperature stiffness. This makes them inferior to elastomers.

Although modifying the binders will result in the enhancement of binder’s properties, using 
virgin additives as modifier will increase the road construction cost. Therefore, in recent 
years, many investigations have been conducted on modifying binders using waste materials 
as additives. Among these waste materials, application of waste plastics and rubbers in cer-
tain amount as binder modifier can substantially enhance the stability, strength, fatigue life, 
and generally the asphalt performance in one hand [14], and on the other hand, it would be an 
ideal solution for reducing the environmental pollution associated with these non-biodegrad-
able wastes. In light of this, according to the characteristics of elastomers and plastomers, this 
chapter analyses the characteristics of high-density polyethylene (HDPE) and crumb rubber 
as potential binder modifier. The tests used to evaluate the polymer properties were thermal 
analysis by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), 
and microstructure analysis by scanning electron microscopy (SEM).

4. Materials

4.1. Bitumen

Bitumen of C320 was used as a base material for this research, which was kindly supplied by 
Boral Ltd. This bitumen corresponds to the most common bitumen used in Australia. C320 
is classified and manufactured in accordance with AS 2008 (2013) and is suitable for medium 
to heavy asphalt applications as well as for heavy duty and hot climate seals. The typical 
characteristics of bitumen C320 are presented in Table 1.

As emphasized earlier and shown in Figure 3, the complex structure of bitumen is composed 
of unsaturated structures divided into two main groups of asphaltenes (which are insoluble in 
n-heptanes) and maltenes. The maltenes are further split into saturates, aromatics, and resins. The 
proportion of bitumen fractions and the molecular weight of each fraction is presented in Table 2.
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a UTR of not more than 86°C, whereas the modified binder often have a UTR of more than 
92°C. Therefore, UTR can be used as an indicator showing the degree of required modification 
and the cost needed for modification. As UTR increases, this cost increases accordingly [5].

3. Polymer modifiers

The binder characteristics strongly influence the mechanical properties of asphalt mixture. To 
this point, binder should have a certain mechanical and rheological requirements as follows 
in order to fulfill the pavement criteria:

• For homogeneous coating of aggregates, the bitumen should be fluid enough at mixing and 
construction temperatures of about 160°C.

• To resist permanent deformation, the bitumen should be stiff enough at high temperatures 
(about 60°C depending on the local climate)

• To resist the cracking, the bitumen should be soft enough at lower temperature that pave-
ment experiences (approximately down to −20°C depending on the local climate).

Accordingly, it can be concluded that obtaining bitumen to work well under all aforemen-
tioned conditions can be difficult. To surmount this problem, many researchers have tried 
to develop the asphalt pavement performance by improving the asphalt binder behavior 
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additives, and cooling rate. The morphology and degree of crystallinity significantly influence 
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ing the ability of asphalt concrete to resist the heavy loads. Plastomers have less elasticity 
compared to elastomers as they do not provide an increase in the plastic component of binder 
while they increase the binder’s stiffness at high temperature and loading [12]. Therefore, 
plastomers can improve the rutting resistance, but they lack the improvements in fatigue 
resistance, cracking resistance, and low-temperature performance [13] because of increased 
intermediate and low-temperature stiffness. This makes them inferior to elastomers.

Although modifying the binders will result in the enhancement of binder’s properties, using 
virgin additives as modifier will increase the road construction cost. Therefore, in recent 
years, many investigations have been conducted on modifying binders using waste materials 
as additives. Among these waste materials, application of waste plastics and rubbers in cer-
tain amount as binder modifier can substantially enhance the stability, strength, fatigue life, 
and generally the asphalt performance in one hand [14], and on the other hand, it would be an 
ideal solution for reducing the environmental pollution associated with these non-biodegrad-
able wastes. In light of this, according to the characteristics of elastomers and plastomers, this 
chapter analyses the characteristics of high-density polyethylene (HDPE) and crumb rubber 
as potential binder modifier. The tests used to evaluate the polymer properties were thermal 
analysis by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), 
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4. Materials
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Bitumen of C320 was used as a base material for this research, which was kindly supplied by 
Boral Ltd. This bitumen corresponds to the most common bitumen used in Australia. C320 
is classified and manufactured in accordance with AS 2008 (2013) and is suitable for medium 
to heavy asphalt applications as well as for heavy duty and hot climate seals. The typical 
characteristics of bitumen C320 are presented in Table 1.

As emphasized earlier and shown in Figure 3, the complex structure of bitumen is composed 
of unsaturated structures divided into two main groups of asphaltenes (which are insoluble in 
n-heptanes) and maltenes. The maltenes are further split into saturates, aromatics, and resins. The 
proportion of bitumen fractions and the molecular weight of each fraction is presented in Table 2.
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The rheological properties of bitumen are highly affected by the asphaltene content due to its 
physical parameters such as glass transition and bitumen viscosity [20, 21]. An increase in the 
asphaltenes content will generally result in harder bitumen with a lower penetration, higher 
softening point, and higher viscosity [22].

Figure 3. Main compounds in representative structures of the four bitumen fractions [15].

Fraction Proportion of the 
overall bitumen

Molecular 
weight

Description

Asphaltenes 5–25% 600–3000 Substantial effect on bitumen rheological properties

Resins 15–25% 500–1300 Dispersing agent for asphaltenes; their proportion to 
asphaltenes determines the structural character of the 
bitumen

Aromatics 40–65% 300–800 Major dispersion medium for asphaltenes

Saturates 5–20% 300–600 Non-polar viscous oil

Table 2. Proportion and molecular weight of bitumen chemical fractions [3, 16–19].

Characteristics Unit Methods Value

Softening point °C AS 2341.18 52

Penetration at 25°C dmm As 2341.12 Min 40

Flashpoint °C AS 2341.14 Min 250

Viscosity at 60°C Pa·s AS 2341.2 320

Viscosity at 135°C Pa·s As 2341.2 0.5

Specific Gravity Kg/m3 AS 2341.7 1.03

Table 1. Characteristics of the original bitumen.
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4.2. HDPE

Among plastics, polyethylene (PE) forms the largest portion followed by polyethylene tere-
phthalate (PET). To this point, this study focused on polyethylene and particularly on high-
density polyethylene (HDPE). The HDPE used in this research were obtained from plastic 
recycling plant. As shown in Figure 4(a), the HDPE is in the granular form with the particle 
size of 2.36 mm. HDPE like other plastics is a polymer consisting of very large molecules 
made up of smaller units called monomer, which are joined together in a chain by a process 
called polymerization. Polyethylene is semicrystalline material with a wide range of proper-
ties and appropriate resistance to chemicals and fatigue. A molecule of polyethylene has a 
very simple structure and is composed of a long chain of carbon atoms with two hydrogen 
atoms attached to them, as shown in Figure 4(b). Sometimes other elements such as oxygen, 
nitrogen, chlorine, or fluorine are attached to these polymer molecules. These are lightweight 
molecules with low moisture absorption rates and good resistance to organic solvents.

HDPE is one type of thermoplastics. As most of the thermoplastics can soften at temperature 
ranging from 130 to 140°C with no gas emission in the temperature range of 130–180°C, they 
can be a potential option for blending with bitumen in asphalt production because the heating 
temperature for bitumen ranges from 155 to 165°C in the whole processes for asphalt pave-
ment construction [23]. Table 3 presents the information regarding the thermal behavior of 
polyethylene, which emphasizes its suitability as a binder modifier.

In order to find the relevant properties of HDPE, some tests were conducted on this material 
and the result of these test are presented in Table 4.

4.3. Crumb rubber

Crumb rubber used in this research was obtained from tyre recycling plant that processes the 
car tyres into crumb rubber through the ambient grinding method. The crumb rubber was 
provided in granule form, as shown in Figure 5(a).

The particle distribution test was performed on crumb rubber. The result of sieve analysis is 
presented in Table 5. The ground tyre rubber has a particle size averaged between 8 and 50 
mesh (2.36 and 0.300 mm).

Figure 4. Analyzed material (a) HDPE and (b) chemical structure of HDPE.
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very simple structure and is composed of a long chain of carbon atoms with two hydrogen 
atoms attached to them, as shown in Figure 4(b). Sometimes other elements such as oxygen, 
nitrogen, chlorine, or fluorine are attached to these polymer molecules. These are lightweight 
molecules with low moisture absorption rates and good resistance to organic solvents.

HDPE is one type of thermoplastics. As most of the thermoplastics can soften at temperature 
ranging from 130 to 140°C with no gas emission in the temperature range of 130–180°C, they 
can be a potential option for blending with bitumen in asphalt production because the heating 
temperature for bitumen ranges from 155 to 165°C in the whole processes for asphalt pave-
ment construction [23]. Table 3 presents the information regarding the thermal behavior of 
polyethylene, which emphasizes its suitability as a binder modifier.

In order to find the relevant properties of HDPE, some tests were conducted on this material 
and the result of these test are presented in Table 4.

4.3. Crumb rubber

Crumb rubber used in this research was obtained from tyre recycling plant that processes the 
car tyres into crumb rubber through the ambient grinding method. The crumb rubber was 
provided in granule form, as shown in Figure 5(a).

The particle distribution test was performed on crumb rubber. The result of sieve analysis is 
presented in Table 5. The ground tyre rubber has a particle size averaged between 8 and 50 
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Characteristics Unit Methods Value

Density g/cm3 AS 1141.5 0.963

Size mm AS 1141.11.1 2.36

Water absorption % AS 1141.5 0.0

Table 4. Characteristics of high-density polyethylene (HDPE).

Figure 5. Analyzed material (a) crumb rubber and (b) chemical structure of rubber.

Sieve no. Sieve size (mm) Mass retained (%)

4 4.75 0.0

8 2.36 25.7

16 1.18 67.7

30 0.600 6.2

50 0.300 0.4

100 0.150 0.0

200 0.075 0.0

Table 5. Particle size distribution of crumb rubber.

Characteristics Unit Methods Reported products

Solubility in water — Nil —

Softening temperature °C 100–120 No gas

Decomposition temperature °C 270–350 CH4, C2H6

Ignition temperature range °C > 700 CO, CO2

Table 3. Thermal characteristics of polyethylene [23].

Modified Asphalt116

The properties of crumb rubber are presented in Table 6, which are obtained from conducting 
relevant tests on crumb rubber. It should be noted that tyre rubber is typically a composition 
of three polymers including polyisoprene (natural rubber), polybutadiene, and polystyrene-
butadiene [24]. The main compounds in rubber are shown in Figure 5(b).

5. Methodology

In this research, different polymers (i.e., bitumen, HDPE, and crumb rubber) were analyzed 
based on their calorimetric curve, thermal transition, and their overall quality. The analysis 
of the materials was performed by means of thermogravimetric analysis (TGA), differential 
scanning calorimetry (DSC), and scanning electron microscopy (SEM).

5.1. Sample preparation

For performing analysis on polymers, the samples were prepared based on the requirements 
of equipment. In order to study the thermal behavior of individual polymers, in all cases, a 
small amount of material (5 to 10 mg) was placed in a measuring pan. To prevent pressure 
buildup during the test, it was advised to have a small opening in the small pan. After this 
preparation, the samples were placed in DSC or TGA equipment.

5.2. Analysis methodology

It is expected that the addition of polymers influences the microstructure of binder. In theory, the 
addition of polymers containing hard segments provides higher strength, whereas the soft seg-
ment polymers improve toughness and low-temperature cracking. Since the binder modification 
depends on the compatibility of bitumen and polymer as modifier, this chapter covers the study 
of the individual polymers to identify some of their physical and chemical properties, their ther-
mal behavior, and their microstructure. The tests to characterize the analyzed materials were per-
formed in the Advanced Materials Characterization Facility (AMCF) at Western Sydney University, 
Australia. These tests included thermal analysis, structural characterization, and microstructure 
analysis, and the main points of testing procedure are represented in the following sections.

5.2.1. Thermal analysis

Thermal analysis corresponds to a group of techniques used to measure the physical and chem-
ical properties of materials as a function of temperature. The measurements can be performed 

Characteristics Unit Methods Value

Density g/cm3 AS 1141.5 0.982

Size mm AS 1141.11.1 1.18–2.36

Water absorption % AS 1141.5 0.1

Table 6. Characteristics of crumb rubber.
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in different atmospheres including inert atmosphere (nitrogen, argon, helium) or in an oxida-
tive atmosphere (air, oxygen). The gas pressure can also selectively vary in thermal analysis. In 
this research, the thermal behavior of materials was investigated through DSC and TGA.

5.2.1.1. Differential scanning calorimetry (DSC)

Parameters such as glass transition temperature (  T  
g
   ), melting point, and the degree of crystal-

lization were monitored by DSC. It should be noted that the glass transition temperature 
is more important in polymer applications compared to the melting point, because it cor-
responds to the polymer behavior under ambient conditions.

In this research, DSC analysis was performed according to ASTM E473-85 in an NETZCH 
DSC 204 F1 to obtain the thermal critical points of materials. The test specimens weighing 
about 5 mg were heated up at different temperature ranges, depending on polymer type, in 
an aluminum crucible under an air flow (100 mL/min) at a rate of 10°C·min−1.

For bitumen, DSC experiments were carried out on about 5 mg samples in aluminum cru-
cibles with perforated covers. Before conducting DSC, the bitumen sample was homogenized 
at 130°C for about 1 hour and then placed in the DSC equipment. To conduct DSC, first, the 
samples were cooled from room temperature to −100°C at a heating rate of −10°C/min. The 
samples were maintained at the low temperature for about 15 minutes to ensure a stabilized 
initial reading. Then, they were heated up to 200°C at a heating rate of 10°C/min. The DSC 
thermograph recorded during this heating scan is considered as the first scan. On completing 
the first scan, the sample was maintained at 200°C for 5 min to remove thermal history and 
then quickly cooled from 200°C to its starting temperature (−100°C) at a cooling rate of −10°C/
min and again held for about 15 min before being reheated to 200°C at a heating rate of 10°C/
min. The DSC thermograph recorded during this second heating scan is considered as the 
second scan. The same procedure was repeated to provide the third heating scan.

For rubber, similar to bitumen, three cycles of cooling and heating were considered as the 
method of the experiment with the same heating rate of 10°C/min, cooling rate of −50°C/min, and 
temperature range of −100–200°C. For HDPE, the DSC procedure was the same as bitumen and 
rubber with an exception of the temperature range, which was considered from −160 to 200°C.

Glass transition and melting point were measured from DSC curves. The percentage of 
crystallized fraction (CF) was determined from the following equation through dividing the 
observed melting enthalpy ( ∆  H  

obs
   ) by the melting enthalpy of 100% crystalline material ( ∆  H  

o
   ).

  CF =   
 (∆  H  obs   × 100) 

 __________ ∆  H  o  
     (1)

The values of  ∆  H  
o
    depend on the material type and can be found in literature. For example, a 

value of 200 J/g was used by Lesueur et al. [4] and Claudy et al. [25]. Values of 180 and 121 J/g 
were used by Michon et al. [26] and Lu and Redelius [27], respectively.

5.2.1.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed to study the kinetics and to investigate 
the degradation process of materials at a higher temperature. In this study, the thermal 
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decomposition was verified in 5 mg samples in an aluminum crucible under air flow (100 mL/min)  
heated from 30 to 600°C at a heating rate of 10°C·min−1. The TGA curves and its differential 
(DTG) were carried out in an NETZSCH STA-449C thermogravimetric analyzer. The onset 
temperature of the mass loss effect (  T  

O
   ) and temperature of peak rate of mass loss (  T  

p
   ) were 

determined from TGA thermographs.

5.2.1.3. Microstructure characterization

The microstructure of the materials was investigated under scanning electron microscope 
(SEM). Scanning electron microscopic analysis was done in 6510LV SEM employing between 
10 and 20 kW. The specimens in this study were examined with magnifications of 100–1000, 
and the results of this study with best magnification are presented in the following sections.

6. Results and discussion

6.1. Thermal analysis by DSC

Heating the polymers results in a number of phase changes such as the glass transition (  T  
g
   ), crys-

tallization transition (  T  
c
   ), and melting point (  T  

m
   ). DSC analysis is a useful technique to identify the 

location of these thermal parameters. In the DSC curves, the sharp peaks are related to the poly-
mer melting and the areas under these peaks provide the heat of fusion ( ∆ H ). Furthermore, the 
smaller inconsistencies at the lower temperature are most likely related to the glass transition.

In this research, DSC technique is used to investigate the transition temperatures and the 
crystallization degree of different polymers. Accordingly, the DSC curves were examined to 
evaluate the physical characteristics of individual materials. It should be noted that for DSC 
runs, the complete set of heating-cooling process were repeated three times for each polymer, 
where the first run is usually carried out to remove any impurities and moisture from the 
sample. In addition, in order to evaluate the transitions accurately, a temperature scan over a 
wide range temperature is considered for DSC analysis.

In DSC analysis, the thermal parameters for bitumen depend on the refined petroleum source 
as well as the petroleum refining process. Figure 6 shows the DSC thermograph of neat bitu-
men and its corresponding first-derivative curve. The effects detected in the thermograph, as 
assigned previously (for example, see [28–30]), are described below.

An increase in the heat capacity for neat bitumen can be observed in the DSC curve by an 
abrupt change in the slope of the curve placed in the low-temperature region (around −30°C) 
corresponding to the glass transition temperature (  T  

g
   ) of the bitumen. The glass transition 

temperature (  T  
g
   ) is a material’s temperature at which all molecular transitional motion is 

frozen; therefore, the material becomes rigid and brittle at or below this temperature. The 
glass transition temperature of polymers is one of the most important parameters as it is 
related to the average molecular weight of polymers and hence provides information about 
their composition. Moreover, it demonstrates the viscoelastic behavior of polymers at low 
temperatures [31]. Therefore, the glass transition temperature of neat bitumen is believed 
to be closely related to the low-temperature performance of asphalts. As shown in Figure 6, 
the middle point of the temperature range where the transition occurs is considered as the 
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in different atmospheres including inert atmosphere (nitrogen, argon, helium) or in an oxida-
tive atmosphere (air, oxygen). The gas pressure can also selectively vary in thermal analysis. In 
this research, the thermal behavior of materials was investigated through DSC and TGA.
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g
   ), melting point, and the degree of crystal-
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In this research, DSC analysis was performed according to ASTM E473-85 in an NETZCH 
DSC 204 F1 to obtain the thermal critical points of materials. The test specimens weighing 
about 5 mg were heated up at different temperature ranges, depending on polymer type, in 
an aluminum crucible under an air flow (100 mL/min) at a rate of 10°C·min−1.
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crystallized fraction (CF) was determined from the following equation through dividing the 
observed melting enthalpy ( ∆  H  

obs
   ) by the melting enthalpy of 100% crystalline material ( ∆  H  

o
   ).

  CF =   
 (∆  H  obs   × 100) 

 __________ ∆  H  o  
     (1)

The values of  ∆  H  
o
    depend on the material type and can be found in literature. For example, a 

value of 200 J/g was used by Lesueur et al. [4] and Claudy et al. [25]. Values of 180 and 121 J/g 
were used by Michon et al. [26] and Lu and Redelius [27], respectively.

5.2.1.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed to study the kinetics and to investigate 
the degradation process of materials at a higher temperature. In this study, the thermal 
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decomposition was verified in 5 mg samples in an aluminum crucible under air flow (100 mL/min)  
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O
   ) and temperature of peak rate of mass loss (  T  

p
   ) were 

determined from TGA thermographs.
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g
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tallization transition (  T  
c
   ), and melting point (  T  

m
   ). DSC analysis is a useful technique to identify the 

location of these thermal parameters. In the DSC curves, the sharp peaks are related to the poly-
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glass transition temperature. In addition, as shown in Figure 6,   T  
gonset

    of bitumen is at about 
−40°C. Referring to [32], the   T  

gonset
    temperature is more closely related to the glass transition 

temperature of the saturate fraction that has the lowest   T  
g
   . The main   T  

g
    reflects the characteris-

tics of the glass transition temperature of the majority of components.

At temperature above   T  
g
   , an exothermal peak and a broad endothermal peak from about −20 

to 85°C is observed. The big exothermal peak next to the glass transition is most likely the 
result of crystallization of small paraffin molecules, and melting of the crystallites formed 
during heating or cooling is known as the main reason to produce endothermal peaks in this 
region [32].

Referring to [31], the exothermic effect just above the   T  
g
    in DSC thermographs is negligible, as 

it has been associated in previous studies (for example, see [28, 30]) with the crystallization of 
certain molecules, which are not crystallized during cooling.

In addition, referring to the literature (for example, see [25, 28–30, 33]), the dissolution of the 
crystallized fractions (CF) is the main reason of the enthalpy changes and can be calculated 
from the area under the peak to a reference enthalpy of dissolution. As shown in Figure 6, in 
order to calculate this parameter, a straight baseline between the end of the glass transition 
and the end of the endothermic effects is drawn. In this research, the reference enthalpy 
value of 180 J/g is used for the estimation of the amount of crystallized fraction of bitumen 
based on previous investigations [1, 4, 15, 25, 26, 33]. The calculation of the crystallizable 
fraction content shows a value of about 4%, which is considered small. The presence of 
wax content in bitumen is commonly responsible for the extent of crystallizable fractions, 
which is the main reason for the problem of pavement exudation and inappropriate thermal 
susceptibility [15].

Figure 6. DSC and DDSC thermograms of bitumen.
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To achieve DSC curve for rubber, similar to bitumen, three cycles of cooling and heating were 
considered as the method of the experiment with the same heating rate of 10°C/min, cooling 
rate of −10°C/min, and temperature range of −100–200°C.

The DSC thermograph of rubber (Figure 7) presented a glass transition temperature (  T  
g
   ) at 

−55° C. However, due to amorphous nature of rubber, DSC curve does not present a well-
defined melting temperature.

For HDPE DSC analysis, as shown in Figure 8, it can be observed that HDPE started to lose 
its solid form at around −100°C corresponding to the glass transition temperature (  T  

g
   ) of 

HDPE. As the temperature increases, a strong endothermic peak average value at 134°C can 
be observed, which is most likely related to the melting of crystalline domains of HDPE.

The DSC curve of HDPE in second heating cycle is illustrated in Figure 9. As can be observed, 
the energy consumption for melting of crystalline domain of HDPE was 221.1 J/g that occurred 
between the beginning and end of melting point.

The cooling cycle involves the rate of cooling temperature of 10°C /min. As shown in Figure 10, 
the peak point for HDPE becomes totally solid at around 115°C, which means that the crystal-
lization temperature (Tc) of HDPE, an exothermic peak, is 115°C.

To estimate the amount of crystallized fraction of HDPE, the values of  ∆  H  
o
    of 287.3 J/g has 

been found from literature for HDPE (for example, see [34, 35]). The calculation of the crystal-
lizable fraction content for HDPE shows a value of about 76%.

It should be noted that fully crystalline polymers do not exhibit glass transition temperature, 
and their structure will not change until the melting point. However, according to DSC ther-
mographs, HDPE is considered as semicrystalline polymer.

Figure 7. DSC and DDSC thermograms of rubber.
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the energy consumption for melting of crystalline domain of HDPE was 221.1 J/g that occurred 
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the peak point for HDPE becomes totally solid at around 115°C, which means that the crystal-
lization temperature (Tc) of HDPE, an exothermic peak, is 115°C.
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    of 287.3 J/g has 

been found from literature for HDPE (for example, see [34, 35]). The calculation of the crystal-
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Figure 9. DSC and DDSC thermograms of HDPE for second heating cycle.

In addition, as HDPE has higher molecular weight than bitumen, the melting and crystalliza-
tion temperature of HDPE is higher to provide more energy for reaching to these points. In 
addition, the melting and crystallization temperature of HDPE are close to each other, which 
can be confirmed from literature survey [36].

6.2. Thermal analysis by TGA

The thermal stability of polymers is an important property to be considered for fitting their 
performance to the proper final application. Thermogravimetric analysis is a good technique 

Figure 8. DSC and DDSC thermograms of HDPE for heating cycles.
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to evaluate the thermal stability of materials. Hence, in this research, the thermal stability of 
three polymers was studied by TGA in air and the main features of the curves including the 
onset temperatures of the mass loss effects (  T  

O
   ) and the peak temperatures (  T  

p
   ) were calculated 

from the TGA and DTG curves.

For bitumen, the thermogravimetric experiment results for 5 mg samples under air atmo-
sphere over the temperature range of 30–590°C using a total purge gas flow of 100 mL/min 
and a heating rate of 10°C·min−1 show that the onset temperature of the main mass loss effect 
(  T  

O
   ) is 370°C, as shown in Figure 11.

Figure 10. DSC and DDSC thermograms of HDPE for cooling cycles.

Figure 11. TGA, DTG, and D2TG thermograms of neat bitumen.
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Figure 12. TGA, DTG, and D2TG thermograms of rubber.

Referring to [31], the decomposition of bitumen occurs in at least three steps, considering 
three temperature ranges, as shown in Figure 11. In the temperature range of T < 350°C, the 
decomposition of saturates and aromatics results in mass loss of bitumen. Over the tem-
perature range of 350 < T < 500°C, resins and aromatics as well as asphaltenes are the main 
decomposed fractions, and at high temperatures of T > 500°C, the substantial mass change in 
bitumen occurs as a result of decomposition of asphaltenes. However, resins and aromatics 
are still decomposed in this range of temperature.

When selecting materials for modifying the binder, it is important that the modifier begins 
to degrade at a temperature above the bitumen modification temperature or the asphalt pro-
duction temperature. Otherwise, it will lose its initial properties by the time the modifica-
tion process is finished. In this research, TGA is used for determination of the degradation 
temperature of the waste materials, which are used for modifying the binder (i.e., rubber and 
HDPE). Figure 12 shows the result of TGA on rubber.

As can be seen, the onset temperature of degradation for rubber is 238°C and the peak tem-
perature of mass loss is 378°C, which can be observed as a peak in the first-derivative curve.

Similar to other polymers, TGA of the HDPE samples was done on approximately 5 mg 
samples over the range of room temperature to 590°C under air with 100 mL/min flow rate at 
a heating rate of 10°C·min−1.

The onset degradation temperature and peak temperature are determined from the derivative 
TGA curves for HDPE, as shown in Figure 13. In this figure, it can be observed that HDPE 
remains thermally stable up to a temperature of 430°C. After this temperature, HDPE starts to 
degrade dramatically followed by a substantial step with maximum mass loss rates placing at 
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462°C in the DTG curve. This degradation involves a mass loss of about 91% in HDPE due to 
the thermal cracking of hydrocarbon chains and the production of oxygenated hydrocarbons 
including CO, CO2, and H2O [37]. The degradation ends approximately around 490°C.

6.3. Microstructure analysis by SEM

The analysis of the microstructure of polymers was performed using scanning electron micro-
scope (SEM). The results of the microscopy of as well as the energy dispersive spectroscopy 
(EDS) analysis on the individual polymers are given in Figures 14–16.

As can be observed in Figure 14, the surface of bitumen appears as networks of highly entan-
gled strings.

Figure 13. TGA, DTG, and D2TG thermograms of HDPE.

Figure 14. EDS analysis and SEM image of bitumen at 400 magnification.
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Figure 15 shows the coarse texture of rubber. The irregular shape and rough texture of rubber 
can be attributed to its processing method, which is the ambient procedure.

Furthermore, the microstructure of HDPE is shown in Figure 16. It should be noted that 
HDPE has a higher viscosity compared to bitumen. The materials with high viscosity do not 
separate easily, and therefore, they present in the form of dispersed phase, as can be clearly 
observed in Figure 16.

7. Summary and conclusion

Today, pure bitumen no longer provides suitable performance for pavements due to the cur-
rent traffic. Therefore, attempts have been made to maximize the effectiveness of asphalt bind-
ers selected for construction projects based on a standard asphalt binder classification system. 
Binder modification technique is used as an alternative to minimize the pavement failures 

Figure 16. EDS analysis and SEM image of HDPE at 400 magnification.

Figure 15. EDS analysis and SEM image of rubber at 400 magnification.
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due to poor performance of asphalt binders, as well as to increase the PG grade of the asphalt 
binder [38]. Based on these research studies, the utilization of polymers as modifier improves 
some of the bitumen’s properties such as elasticity, cohesion, and temperature susceptibility, 
which they all subsequently lead to the improvement of asphalt mixture performance.

For these reasons, and as a quite effective way of disposing of the increasing volume of non-
biodegradable wastes, which are increasingly generated in societies, plastic wastes and rub-
bers can be a reasonable potential materials for consideration as binder modifier.

In modification of bitumen with additives, having knowledge about the effects of modifiers 
on thermal stability is of high importance resulting in manufacturing more thermally stable 
binders. Accordingly, in this research, the thermal behavior of modifiers and bitumen was 
studied using TGA, DSC, and SEM facilities. The thermal parameters of   T  

g
    and   T  

m
   , enthalpy of 

fusion,  ∆  H  
m
   , and the percentage of crystallinity, CF (%) of samples can be easily determined 

from the DSC curves. This information can be useful in understanding the characteristics and 
the composition of polymers. In addition, many researchers have proposed different equa-
tions for estimation of the glass transition temperature of mixture based on the composition 
and the glass transition of the components of the mixture. All these equations are basically 
representing the relation between the glass transition temperature of a mixture and those of 
its components using a basic mathematical form but with minor variations. The glass transi-
tion calculated using these equations for the blend of bitumen with 2% HDPE and 8% rubber 
is −28.8°C. The calculated Tg value for blend is lower than those obtained for neat bitumen, 
which could be attributed to several effects including certain level of miscibility between the 
additives (i.e., HDPE and rubber) and bitumen. Thus, using these equations, it may be pos-
sible to achieve the formulation of the desired modified binder considering the composition 
of components and the results of DSC analysis on each component.

Furthermore, in this research, TGA is used in determining the degradation temperature of 
the waste materials. A modifier that begins to degrade at a temperature below the bitumen 
modification temperature or the asphalt production temperature is not adequate since it will 
have lost its initial properties by the time the modification process is finished. In the case of 
analyzed waste materials, all degrade at temperatures above 200°C and therefore should be 
adequate for bitumen modification. The main features of TGA curves for individual polymers 
were discussed in previous sections. From these results, it was observed clearly that HDPE 
followed by bitumen have higher thermal stability than crumb rubber.
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and the glass transition of the components of the mixture. All these equations are basically 
representing the relation between the glass transition temperature of a mixture and those of 
its components using a basic mathematical form but with minor variations. The glass transi-
tion calculated using these equations for the blend of bitumen with 2% HDPE and 8% rubber 
is −28.8°C. The calculated Tg value for blend is lower than those obtained for neat bitumen, 
which could be attributed to several effects including certain level of miscibility between the 
additives (i.e., HDPE and rubber) and bitumen. Thus, using these equations, it may be pos-
sible to achieve the formulation of the desired modified binder considering the composition 
of components and the results of DSC analysis on each component.

Furthermore, in this research, TGA is used in determining the degradation temperature of 
the waste materials. A modifier that begins to degrade at a temperature below the bitumen 
modification temperature or the asphalt production temperature is not adequate since it will 
have lost its initial properties by the time the modification process is finished. In the case of 
analyzed waste materials, all degrade at temperatures above 200°C and therefore should be 
adequate for bitumen modification. The main features of TGA curves for individual polymers 
were discussed in previous sections. From these results, it was observed clearly that HDPE 
followed by bitumen have higher thermal stability than crumb rubber.
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