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Asphalt binder is a very complex chemical compound. Much work has been done to understand and model its chemical, morphological, rheological, and mechanical features. This paper synthesizes and presents ﬁndings from pertinent studies available in the
public domain. Understanding of asphalt characteristics at the very ﬁnite level is the ﬁrst critical step to develop a better macroscopicor pavement-level performance model. This paper showcases a summary of current knowledge gained on (a) how chemical elemental
compositions and molecular groups play critical roles in asphalt binder’s performance in pavement composites; (b) morphological
properties and their relationships with the asphalt’s structural performance; and (c) mechanistic characteristics of asphalt binder’s at
nanoscopic, mesoscopic, and microscopic levels, and how they are related to macroscopic- or pavement-level performance.

1. Introduction
About 96% of paved roads in the U.S. are made of asphalt [1].
Most of these roads were built during and immediately after
the Second World War. They demand major rehabilitation or
reconstruction services. The most expensive element in asphalt pavement is the asphalt binder. Government agencies
not only in the U.S. but also around the world spend signiﬁcant resources to develop a total design package that can
result in a longer lasting pavement and be economic to build
and maintain. In the recent decades, a common practice that
many agencies adopted to reduce expenditure is recycling of
existing old pavements by reducing the amount of new asphalt binder. Asphalt researchers have expressed their concerns to this strategy because the use of high-grade asphalt
binder from existing asphalt pavements can have detrimental
eﬀects on the longevity of the new pavement. Valid reasons
for this concern are the blending and performance issues of
the aged binder, which comes from old or aged pavements.
Asphalt is also a very complex nonlinear chemical
material [2]. It is complex because of its highly variable

chemical constituents that change with source, process of
extraction, temperature, ambient environment, and elapsed
time. To better understand asphalt binder’s behavior, a
signiﬁcant number of chemistry-based researches have been
conducted in Europe and North America. In the late 1980s
and early 1990s, Jennings et al. [3, 4] initiated chemical
studies of asphalt binders and proposed average molecular
structures for them. The ultimate goal of these research
studies is to develop multiscale pavement models. The developed models should link and communicate the performance of the constituent materials among diﬀerent scales
(nano-, micro-, meso-, and macroscale/pavement). Pavement model features such as stiﬀness, rutting, and cracking
performance should be found on the enhanced understanding from the ﬁnite level possible for each constituent and for all phases [5]. With the advent of new
technologies, capturing of rich information of materials at
micro- or nanoscale levels has become easy in the recent
time, and it has successfully been utilized in other natural
science and engineering disciplines. Asphalt researchers
have also recently advanced knowledge related to binder
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performance at much needed microscopic level, which is
more important than meso- or macroscale [6–8]. Based on
ﬁndings of the existing literature, it is clear that the behavior
of asphalt pavement materials depends highly on their
microstructure. For instance, cracks and voids at the microstructure level can eventually lead to failures of the
material under loads [9]. Thus, understanding the deterioration process and improving the materials at the
microstructure level can help in constructing longer lasting
pavement. A better understanding of microstructure of
asphalt binders is also expected to help researchers to develop better models for predicting pavement performance.
The main goal of this study is to synthesize the understanding of asphalt binder at microscopic level. To accomplish the aforementioned goal, a thorough review of
pertinent literature has been conducted and presented in a
coherent format. This paper is organized in multiple sections. As seen here, the current section provides an introduction to the topic. The second section presents a
summary of understanding of chemical constituents and
chemical models of asphalt binder. The third section discusses the morphological models and how these models
correlate with chemical models. The fourth section presents
the mechanistic models and their relationship with macroscopic or pavement models. Finally, the concluding section presents an overall development in the topic and gives a
future research direction.

2. Chemical Models of Asphalt
A very rich amount of information is available in the literature on the chemistry of asphalt. The information includes the types and percentages of elemental constituents,
molecular groups and structures, and polarity and nonpolarity behaviors of the molecules. These chemical properties govern the performance of asphalt. One behavior of
asphalt that is very interesting to researchers and pavement
professionals is viscoelasticity; at high temperature, asphalt
is a viscous liquid, and at low temperature, it behaves like an
elastic solid and becomes fragile. Chemical properties of an
asphalt binder are also highly depended on the sources and
processes employed.
2.1. Functional Groups and Chemical Families. Many
chemistry-based techniques such as elemental analysis,
Fourier transform infrared (FTIR) spectroscopy, gel permeation chromatography (GPC), thin layer chromatography (TLC), and high-performance liquid chromatography
(HPLC) are commonly used in chemical characterizations of
asphalt binders. For instance, as part of a comprehensive
study of multiscale modeling, Stangl et al. [5] performed
elemental analysis of an asphalt sample following the ASTM
D5291-02 method, and some of the results are presented in
Table 1. As indicated earlier, the chemical compositions of
asphalt vary with the source of asphalt, processes adopted to
manufacture it, analytic techniques utilized in elemental
analysis, and chemical solvents and adsorbents used to
obtain the compositional information. However, the
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variability among dominating elements such as carbon,
hydrogen, and oxygen is less observed than that of foreign
elements such as vanadium, nitrogen, and sulphur, as
presented in Table 1. At a molecular level, researchers have
proposed various structural models of asphalt. Such a
structure for the strategic highway research program’s asphalt sample (AAD-1 also known as California Coastal
AAD-1) is presented in Figure 1, where a long chain of
hydrocarbon along with some other chemical elements such
as nitrogen and sulphur is modeled.
In the real world, asphalt binder interacts with a large
number of environmental and mechanical factors such as
oxygen, heat radiation, UV radiation, moisture, and traﬃc
factor. These factors often act in a conjoint environment that
aﬀects the asphalt at the compositional, molecular, and
macro levels. The consequential performance due to changes
in chemical compositions and molecular structures should
be taken in consideration when using the binder in a new
pavement construction.
2.1.1. Molecular Groups of Asphalt. At molecular level, asphalt can be considered a complex organic compound
consisting of groups of diﬀerent molecules. Based on the size
and polarity, they can be grouped as saturate, aromatic, resin,
and asphaltene (often called SARA). Together they form a
colloidal system—where asphaltene is a relatively stiﬀer and
disperse domain, and later, three form a liquid substance that
holds the asphaltene. The later three compositions are also
called maltene. There have been many methods employed to
better understand the characteristics of these fractionates and
to quantify their share in asphalt. A rapid and inexpensive
characterization method is thin-layer chromatography (TLC).
This technique separates asphalt fractionates by some organic
solvents. For example, asphaltene is precipitable by n-heptane
where maltene dissolves, saturate by cyclohexane, aromatic by
dichloromethane, and ﬁnally, resin by methanol or isopropanol [11, 12]. In this test process, a mobility parameter
(Rf ) for the fractionate is determined using a model, as shown
in equation (1). Table 2 presents the approximate Rf value for
four fractionates. However, Rf from one lab testing may not
match with that of another since this parameter is also dependent on the sample size (thickness and diameter), solvent
type, and so on, which are used in the characterization
process. To obtain the SARA information, another method
the so-called Iatroscan method that combines thin-layer
chromatography and ﬂame ionization is also employed
frequently.
Ds
Rf �
,
(1)
Dm
where Rf � mobility paramter of the asphalt fraction,
Ds � distance moved from point of application by solute, and
Dm � distance moved from point of application by mobile
size.
Technology has also made possible to physically visualize these fractionates. When a maltene fractionate is irradiated by an UV ray with an appropriate weblength,
a chromatograph of maltene can be obtained, as shown in
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Table 1: Asphalt chemical constituents and their share. The table is reproduced from Stangl et al. [5] (under the creative commons
attribution license/public domain).
Asphalt state

Carbon
83.90
83.80
83.70

Neat asphalt (British speciﬁcation B50/70)
After RTFO
After RTFO + PAV

Hydrogen
10.40
10.40
10.50

Chemical constituents (mass %)
Oxygen
Nitrogen
<0.1
0.40
<0.1
0.40
<0.1
0.50

Sulphur
5.00
5.00
4.90

Total
99.70
99.60
99.60

H3C
S

H3C
N
H
S
CH3
5
CH3

H3C

CH3

Figure 1: Average structure of California Coastal (aad-1) asphalt molecules. The ﬁgure is obtained from Lesueur [10] (under the creative
commons attribution license/public domain).
Table 2: Rf value for asphalt fractions.
Asphalt fractions
Asphaltene
Resin
Saturate
Aromatic (mono, di, or poly)

Rf value
0.20–0.21
0.45–0.47
0.90–0.92
0.68–0.83

Figure 2(a). Physically, saturate (S) has yellowish color, and
the color of aromatics (A) ranges from light yellow to light
reddish based on polarity of the molecules, and ﬁnally resin
(R) appeared as dark black color [14]. Figure 2(b) shows the
Yen–Mullins model of asphaltene (AS). This model speciﬁes
that asphaltene can be present in bituminous materials as an
isolated molecule or as a colony of six to eight molecules or
clusters of about eight molecules. Figure 3 displays how a
vital engineering property (in this case, viscosity) varies with
SARA fractionates of an asphalt sample collected from
California Valley. In a related study, Hofko [16] reported
that among SARA fractionates, the asphaltene fractionate
signiﬁcantly inﬂuences the viscoelastic behavior of asphalt.
Therefore, understanding of these fractionates in regard to
chemical formation, behavioral characteristics, and, more
importantly, engineering properties such as stiﬀness, creep,
and viscoelasticity are critical and can be utilized to develop
a model at microscale and thereafter to the full pavement
model.

3. Morphological Models of Asphalt
3.1. Overview. Morphological studies deal with understanding of structural form of a matter, and they attempt
to link the formation of the matter to its structural performance. To have a better understanding of morphology of
a matter at microscale, a superior technology is needed. With
the advent of new micro- and nanoscopic technologies,
pavement researchers around the world added a rich
amount of information on the body of knowledge in last two
decades. Technologies used by researchers included, but not
limited to, scanning electron microscope (SEM), ﬂorescence
microscope, atomic force microscope (AFM), transmission
electron microscope (TEM), and environmental scanning
electron microscope (ESEM) with various advance engineering ﬁxtures at diﬀerent capacities. As previously mentioned, researchers now have been trying to connect this
morphological information of asphalt binder to better
predict the pavement performance over its design life.
In recent years, researchers predominately used AFM
and SEM techniques. The AFM has some advantages and
disadvantages over the SEM and vice versa. The AFM can
provide three-dimensional morphological images of a
binder sample, whereas the SEM provides two-dimensional
images. The AFM sample preparation does not require a
sputtering sample coating, which is required in SEM
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Figure 2: (a) Maltene (S � saturate, A � aromatic, R � resin), and (b) asphaltene (AS). The ﬁgure is reproduced from Mullins et al. (under the
creative commons attribution license/public domain) [13].
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Figure 3: Changes in viscosity for diﬀerent asphalt fractions under
diﬀerent molecular weights. The left ﬁgure is obtained from Griﬃn et al.
(under the creative commons attribution license/public domain) [15].

analyses. A comparative advantage of the SEM is that it can
image a large area (on the order of square millimeters),
whereas the AFM can only image a maximum scanning
area of about 150 × 150 micrometers. Furthermore, the scan
rate of an AFM is relatively lower than that of an SEM.
Figure 4 shows microscopic views of an asphalt sample
under ﬂuorescence [17] and atomic force microscopes. A
pioneer study on asphalt morphology is conducted by
Loeber et al. [18]. From inspecting these microscopic

images, one can easily see that there is a circular kind of
particles in a matrix system. The particles are of diﬀerent
sizes and are randomly placed within a couple of micrometers. Interestingly, these particles are available in
both images obtained from two diﬀerent microscopes that
completely utilize diﬀerent techniques; however, they still
presented similar results in terms of sizes for the particles,
orientation, and matrix design. For brevity, the current
study is not focusing the techniques behind the diﬀerent
microscopes. Many studies also investigated the pattern,
thickness, resistance force, deformation, stiﬀness, and
other engineering properties of this circular domain in
asphalt material, and that will be discussed in the following
sections.
3.2. Analysis of Morphological Phases of Asphalt. It is generally believed that asphalt has three morphological phases
(also called microdomains): a disperse phase, a relatively
larger phase than disperse phase surrounding to the disperse
phase, and ﬁnally a continuous phase. A better understanding
of the engineering properties of these morphological phases of
asphalt is expected to help scientists to develop better models
for predicting pavement performance [19–22]. In a recent
study, Pauli et al. [20] reported how the morphological phases
aﬀect microstructure of asphalt and how some external
variables inherited to microstructure inﬂuence the morphology. Figure 5 shows images obtained through an AFM,
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Figure 4: Asphalt sample view obtained from a ﬂuorescence microscope on the left and an atomic force microscope on the right. The left
ﬁgure is obtained from Kraus [17] (under the creative commons attribution license/public domain).
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Figure 5: Images of asphalt morphology (AAK-1 sample, size 20 μm × 20 μm) of ﬁlm thickness of 1600 nm (a), 1000 nm (b), and 600 nm (c).
The ﬁgure is obtained from Pauli [23] (under the creative commons attribution license/public domain).

and it displays changes in morphological phases as a function of asphalt ﬁlm thickness [23]. It can be seen that the
disperse domain signiﬁcantly varies as the sample thickness
changes; the thinner the sample is, the lesser the presence of

disperse domain is. However, some studies also concluded
otherwise that the microstructure is independent of asphalt
ﬁlm thickness. Therefore, further research is needed to clarify
this issue.
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The disperse phase in the asphalt microstructure is
considered as a “bee”-like structure with ridges and valleys
within this phase. A bird’s eye view of an AFM specimen of
15 µm × 15 µm can be seen in Figure 6(a), and details of this
bee structure are presented in Figure 6(b), where the depth
and spacing of valleys and ridge scan can be observed.
Some studies [25] named these three phases diﬀerently.
The central part (disperse) within each highlighted area is
also called the catana phase (so-called, bee), immediately
around the catana phase is called the interstitial/periphase,
and both of these phases are suspended from another
phase called the perpetua phase or matrix (Figure 7). It has
been reported that periphase and perpetua phase change
with temperature; as the temperature increases, these
phases interconvert from one to another, which has been
observed in diﬀerential scanning calorimetry study by
Soenen [26].
A few studies initially assumed a link on the relationship between the catana phase and asphaltene [18].
However, later other studies found this relationship is not
statistically signiﬁcant, while there is a highly plausible
evidence that the catana phase is highly related to the
presence of metal elements (e.g., nickel and iron) in the
asphalt [24].
Menapace et al. [27] has investigated on the growth and
height of the catana phase, and the study found that both
are aﬀected by the testing temperature in an AFM investigation. Table 3 presents that in general, the average
diameter of bee structure increased as temperature increased for selected types of asphalt tested, and the same
trend can be noticed for the area covered by the bee
structure phase for one asphalt grade (PG 76-22), whereas a
mix result was observed for another asphalt grade (Pen 60/
70). The increased size of “bee structure” could be due to
the disintegration of bees due to increased temperatures.
Allen et al. reported that the dispersed phase (i.e., bee)
increased as saturate fractionate in the asphalt increased
[28]. The dispersed phase can completely change when a
virgin asphalt is mixed with aged asphalt binder from either
recycled asphalt pavement or roof shingles; microparticles
found in the interfacial zone ranged from 160 nm to
2.07 µm by recent multiple studies [29, 30], as presented in
Figure 8 [31].
All these research results suggest that asphalt binder has
complex phases, which are inﬂuenced by many experimental
and environmental factors. However, if we can obtain
generalized information on these phases and if they are
based on good amount of data, a link can ultimately be
developed between microcharacteristic and macrolevel
pavement performance.
Soenen et al. [25] reported that morphologies of the asphalt sample are highly inﬂuenced by the temperature
employed to prepare the sample, the elapsed time in that
temperature after isothermal condition reached, and other
experimental factors. Surface morphologies changed in terms
of network structural forms and sizes between the samples
when tested at an isothermal condition for diﬀerent temperatures (Figure 9). Perhaps, this is why, asphalt binder’s
rheological performance changes due to thermal aging.

Advances in Civil Engineering
3.3. Eﬀect of Aging, Additives, and Rejuvenators on Asphalt
Morphology. When asphalt is utilized in real-world applications (e.g., pavement), it experiences a very complex
environment throughout its life. Some major chemical
compounds or environmental factors that asphalt interacts
with are atmospheric oxygen, dissolved oxygen, UV radiation, and other hundreds of known and unknown solid,
liquid, and gaseous compounds. As a consequence of the
interactions between asphalt and surrounding chemical
compounds, asphalt loses its some vital rheological properties over time, which is termed as aging of asphalt. Many
researches have been conducted to mimic the aging processes in laboratories, to model ﬁeld aging and ﬁnally to
deter aging by using additives such as polymers and rejuvenators. Two aging processes for asphalt binder are
commonly employed in laboratory testing: one is the rolling
thin-ﬁlm oven test (RTFOT) process to simulate preservice
aging and other is the pressurized aging vessel (PAV)
process that simulates in-service aging.
Figure 10 shows that the catana phase is very dominant
in an aged sample than that of an unaged sample, indicating
signiﬁcant diﬀerences in the phase angle (i.e., higher changes
in elevation) between disperse domain (catana) and continuous matrix (peri and perpetua). Moreover, the percentage of area covered by disperse domain reduces
signiﬁcantly with the PAV process compared to the RTFOT
aging. To better understand the engineering properties of
these phases for “before” and “after” aging conditions, Allen
et al. [32] conducted a comprehensive research study on the
subject matter and developed an improved technique to
obtain microrheological property of the phases such as creep
information of asphalt fraction morphologies. This study
reported that the creep was aﬀected by the aging and can be
noticed in Figure 11. The asphalt binder sample shown in
Figure 11 is a SHRP’s AAD sample. In this ﬁgure, Phases 1, 2,
and 3 refer to catana, peri, and perpetua phases, respectively.
In Brazil, Rebelo et al. [34] recently investigated on how
RTFOT and PAV processes aﬀect the morphologies of asphalt using an atomic force microscope. These researchers
reported that there was no catana phase observed in the
sample after both aging processes. Interestingly, these researchers did not see the catana phase before aging the
sample too. Figure 12 presents the topographic and phase
contrast images of asphalt sample with various recycled
binders (RAP) after diﬀerent aging conditions. The lateral
dimensions of the AFM-based images shown in Figure 12
are 10 µm × 10 µm. The scale of the topography images is
20 nm. Absence of the catana phase in the unaged sample is
not new. For example, the study conducted by Qin et al. also
supports the observation of the Rebelo study [35]. In addition to thermal and oxidative eﬀects on asphalt binder,
various forms of moisture precipitate from atmosphere also
damage asphalt pavement signiﬁcantly. Dos Santos et al. [36]
reported that the catana and perpetua phases are signiﬁcantly aﬀected by moisture that, in turn, aﬀects the rheological and adhesive properties of asphalt binder.
In the recent years, to improve pavement performance,
the addition of diﬀerent polymers or additives in asphalt
binders has become a common practice in the industry. In
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Figure 6: (a) A bird eye view of asphalt sample under AFM, and (b) a tentative topographic proﬁle of bee structure. The Figure 6(b) is
reproduced from the data reported by Masson et al. [24] (under the creative commons attribution license/public domain).
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Figure 7: A detail view of all morphological phases in asphalt.
Table 3: Eﬀect of temperature on diameter and area coverage of bee
structure in asphalt. The table is reproduced from Menapace [27]
(under the creative commons attribution license/public domain).
Treatment
temperature
Room temperature
50°C
70°C
100°C
130°C
150°C

Pen 60/70
Average
% area
diameter
covered
(µm)
0.27
22
0.58
56
1.07
66
1.64
55
1.54
51
1.48
43

PG 76-22
Average
% area
diameter
covered
(µm)
0.27
35
0.56
53
0.99
60
2.06
63
2.13
69
1.83
60

microstructure investigation, it was found the addition of
polymer basically changes the microstructure of the original
binder, and the improvement in modiﬁed binder in regard to
rheological or adhesive property is strongly associated with
changes in microstructure or new morphologies developed in
the modiﬁed binder [35, 37, 38]. Another study [25] also reported that asphalt morphology is inﬂuenced by the UV aging.

The main consequence of various aging is formation of
crack in asphalt. Researchers have been trying to use a rejuvenator in a capsule (very ﬁne shell) during pavement
construction. The idea is when a microcrack initiates and
passes through randomly spread rejuvenator shells, the shell
breaks and liquid rejuvenators spread in the microcracks
[39]. Morphologies of asphalt with asphalt modiﬁers and
closer view of the cracks has been shown in Figure 13.
Depending on morphologies of the crack surfaces, appropriate rejuvenators can improve both adhesive and cohesive
bond properties of asphalt binders, and thereby crack
propagation is deterred. All of these studies strongly demonstrate the strong association between the morphological
properties and microstructural performance of asphalt. The
authors also believe that the understanding of this association can be linked to macrolevel performance of the
pavement in the real world.
3.4. Network Structure of Asphalt Molecules. To better understand the architectural pattern, i.e., the design of network
of molecular compounds and how the network is associated
with asphalt binder’s fundamental properties (e.g., adhessibility and stiﬀness), a few studies have been done. To
capture the network design of asphalt molecules, electron
micrograph drawn by utilizing scanning electron or environmental scanning electron microscopes is common in the
literatures. Between these two systems, literatures have come
to a point that, to realize the goal of understating of surface
network morphology, the environmental scanning electron
microscope does a better job than that of scanning electron.
In the latter technique (i.e., scanning electron), an asphalt
sample is distorted by the evaporation of some hydrocarbon
molecules with the heat radiated from the electron beam
[41]. To avoid the evaporation of some molecules, thereby,
maintaining the integrity of the testing sample, a carbon
coating on the sample is done when a scanning electron
microscope is utilized in network structure study. However,
this takes meticulous sample preparation eﬀorts and
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Figure 8: (a) Micrographs of RAP asphalt binder, (b) RAP and virgin asphalt binder’s interfacial zone, and (c) virgin asphalt. The ﬁgure is
obtained from Nahar [31] (under the creative commons attribution license/public domain).
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Figure 9: Microscopic images of asphalt morphologies under diﬀerent temperatures. The ﬁgure is obtained from Nahar [31] (under the
creative commons attribution license/public domain).
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Figure 10: (a) AFM micrograph of asphalt showing catana, peri, and perpetua phases, (b) micrograph before aging, and (c) micrograph after
aging. The ﬁgure is obtained from Allen [33] (under the creative commons attribution license/public domain).
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Figure 11: Eﬀect of aging on asphalt phases. The ﬁgure is obtained from Allen et al. [33] (under the creative commons attribution license/
public domain).
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Figure 12: Continued.
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Figure 12: Morphology of RAP-asphalt blends: (a–c) 25%, 40%, and 60% unaged blends, (d–f) 25%, 40%, and 60% RTFO-aged blends, and
(g–i) 25%, 40%, and 60% PAV-aged blends, respectively.

extended time to test [42]. Detail information on how these
microscopy works and advantages and disadvantages are
available in [43].
Figure 14 shows micrographs of asphalt binder’s molecular network captured by an environmental scanning
electron microscope [44]. A network entanglement that
consists of thousands of rope-like elements (also called
network strand or ﬁbril) can be observed. The average diameter of this ﬁbril is reported 10 micrometers for an unaged
sample [45]. But, when an aged sample was tested, observed
ﬁbrils were found to be a bit coarser than that of an unaged
sample. Rozeveld et al. [42] also investigated the network
structure of asphaltene fraction (phase with heavy molecular
weight) after fractionating by n-heptene and reported the
presence of a network of interconnected lentil-like particles
than a network of smooth ﬁbrils. This individual chemical
family (asphaltene fractions) had an average size of 0.2 to
0.3 micrometer before aged, whereas after aged, the fractions
became signiﬁcantly larger in size (0.8 to 1.2 micrometer).
The increase in size was attributed to the change in molecular structure by oxidation during aging. The observation
made by Khattak et al. [46] supported the ﬁndings of
Rozeveld et al. [42], which reported a network of interconnected lentil particles (asphaltene particles). The study
[45] also included time-dependency eﬀect on network design in their experimental matrix. Interestingly, distinct
diﬀerences in the network structure were observed for

diﬀerent level of interaction between asphaltene molecule
group and n-heptane, as can be seen in Figure 15 [47].
Figure 16 shows an ESEM image of asphalt sample tested
under irradiation loading [44]. When the asphalt sample is
loaded under tensile loading, the ﬁbril network was found
well aligned [42]. This observation suggests that when asphalt is loaded, the ﬁbril network provides the resistance
force and that ultimately help contribute to prevent deformation, and, also possibly, the ﬁbrils act as a stitching
between the microcracks and participate to reduce crack
propagation under the loading. Some studies also reported
that the network structures were changed with the addition
of polymer and its dosages (Figure 17) and indicated that
rheological properties and microperformances changed after
the addition of polymers could be linked to the modiﬁed
network of the ﬁbrils [11, 42, 48]. Similar observations were
made by some other researchers who compared the morphological structure of a neat asphalt and the asphalt binder
modiﬁed with carbon nanoﬁbers. However, this was not the
case for the study conducted by Stangl et al. [5]; this group
did not ﬁnd any signiﬁcant diﬀerence between the network
structures with and without polymer modiﬁcation of asphalt
binders. The eﬀects of aging on network structure were
observed signiﬁcant, only after long-term aging (PAV) in the
Stangl et al. study [5], however other study reported aging
changed asphalt ESEM proﬁles as tested for diﬀerent temperature and duration, as displayed in Figure 18. To be
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(a)

(b)

Figure 13: (a) Fluorescence microscopy of pure bitumen (left) and SBS modiﬁed bitumen (right). (b) Fluorescence microscopic pictures of
the cross section of the PBmas (left) and the SBSmas (right) directly after being broken at 0°C. This ﬁgure is obtained from Qiu [40] (under
the creative commons attribution license/public domain).

(a)

(b)

Figure 14: (a) Micrograph of an asphalt sample after 2 minutes irradiation. (b) Electron eﬀects in that asphalt due to double irradiation. The
ﬁgure is obtained from Gaskin [44] (under the creative commons attribution license/public domain).

precise, little to no change was noticed in the RTFOTsample,
a contrast to the Shin et al.’s study [45] which suggests that a
systematic standard test method for aging eﬀect needs to be
developed for improving reproducibility, which can be
utilized to predict micro level performance with statistical
reliability. Thus, results from micro- or nanolevel investigation can be helpful and can be connected to pavement-level model—a driving force of this review.

4. Micromechanistic Characteristics of Asphalt
This section summarizes micromechanistic characteristics
and performances of asphalt binders and how they are
inﬂuenced by chemomorphological properties that have
been previously presented. Among many fundamental
properties of asphalt binders, adhessibility, elastic and
composite moduli, creep and deformation behavior, and
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Figure 15: Topographic images showing the interaction between n-heptane and asphaltenes. (a) Asphaltene with n-heptane, (b) asphaltene
during n-heptane evaporation, and (c) asphaltene after evaporation of n-heptane. The ﬁgure is obtained from Nikooyeh [47] (under the
creative commons attribution license/public domain).

(a)

(b)

Figure 16: Figure micrograph of maltene fraction after irradiation for 1 minute (a) and after 2 minutes (b). The ﬁgure is obtained from
Gaskin [44] (under the creative commons attribution license/public domain).
(a)

(b)

(c)

(d)

Figure 17: ESEM scan of modiﬁed asphalt (3% SBS) (a) 5000x and (b) 30000x. ESEM scan of modiﬁed asphalt (5% SBS) (a) 5000x and (b)
30000x. The ﬁgure is obtained from Jasso [48] (under the creative commons attribution license/public domain).
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(a)

(b)

(c)

(d)

(e)

(f )

Figure 18: (a) ESEM proﬁle of asphalt after aging at 0°C for 2 minutes, (b) after aging at 5°C for 2 minutes, (c) 10°C for 2 minutes, (d) 15°C
for 2 minutes, (e) 20°C for 2 minutes, and (f ) 25°C for 2 minutes. The ﬁgure is obtained from Gaskin [44] (under the creative commons
attribution license/public domain).

frictional properties are often considered critical by the
pavement community, and they are discussed in the following sections.
4.1. Adhessibility of Asphalt Phases. A number of studies
have attempted to investigate the adhesion property of asphalt binders and their various microphases [49–55]. The
adhessibility of an asphalt binder is found to signiﬁcantly
vary with asphalt source, chemical compositions, and types,
and they are inﬂuenced by environmental factors such as
temperature and moisture. These studies reported that the
aforementioned factors also inﬂuence the adhesive force
of various microphases of asphalt binders. In micro- and
nanoscales adhesive force is estimated from the force-distance curve obtained in experimental results of the atomic

™

force technique—the PFQNM (PeakForce quantitative
nanomechanical) property mapping. In the PFQNM
technique, the Derjaguin–Muller–Toporov (DMT) model,
shown in equation (2), is utilized to predict adhesive forces.
Detail technique can be found in many literatures [21, 40].
Figure 19 presents the variation of adhesion force within a
20-micrometer square asphalt fraction. In Figure 19, regions
with white patches exhibiting bee structure (catana phase)
have the weakest adhesive force than other phases. The color
variation indicates force diﬀerences from none to about
242 nN. However, studies [55] found that, in general, some
phases of asphalt have a distinctive pattern of adhesion
forces. Figure 20 shows a tentative height proﬁle indicating
adhesion force over the proﬁle of an asphalt sample. In
general, the catana phase has the weakest adhesive force,
while periphase has the highest adhesive force as reported by

™
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Figure 19: Micrograph of asphalt showing adhesion force overlay on a 20 × 20 micrometer sample.

Fischer et al. [49]. However, the third phase (perpetua) can
exhibit adhesive force as high as periphase.
����������
4
3
(2)
FAdh � F − Er R d − d0  ,
3
where FAdh � adhesion force, F � applied force, R � radius of
the curvature developed due to the force, d − do � deformation of the sample, and Er � Young’s modulus of the sample.
Within the catana phase of an asphalt binder, Dourado
et al. [52] found that the adhesion force is very consistent;
to be precise, the data had just a coeﬃcient of variation of
16%. After conducting studies on a number of asphalt
samples, Yu et al. [51] found that there was a statistically
signiﬁcant diﬀerence in adhesive force between two areas
(raised and recessed) in asphalt, as shown in Figures 21(b)
and 21(c). Chemomechanical properties of these morphological regions in the sample may be accounted for this
diﬀerence are critical and needed to be better understood if
adhessibility is sought to be enhanced for improving
pavement performance. And, indeed, some improvement
in adhesion force was noticed at nanoscale where the
sample studied was modiﬁed by some hydrocarbon additives that can be seen in Rebelo’s study [22]. Also,
Tarefder et al. [56, 57] found this adhesion force enhancement occurred, in general, when asphalt was modiﬁed with common styrene-butadiene (SB), SBS polymers,
and limes.

4.2. Modulus Behavior of Asphalt Micro Phases. With the
development of the PFQNM technique in atomic force microscopy, it became possible to obtain nanomechanical
properties of asphalt, on top of topographic height proﬁle.
Among three morphological phases discussed earlier, Fisher
et al. reported that the periphase surrounding the catana
phase is stiﬀer than the perpetua phase (smooth matrix), and
the perpetua was found more viscous than the periphase. In
this investigation for the modulus proﬁle of an asphalt sample,
two groups of moduli were noticed clearly: one group with a
low modulus value, ranging from 300 to 450 MPa and the
other group with a high modulus value, ranging from 500 to

750 MPa. It was also reported that low modulus zone corresponds to the perpetua phase while the high modulus zone
corresponds to both catana phase and periphases [49]. Similar
observations were made in the Lyne’s work [55]. Surprisingly,
later some other researchers [50] found that the perpetua
phase had a higher DMT modulus value than that of peri/
catana phase using (Figure 22).
Dourado et al. estimated elastic modulus of an asphalt
sample on ﬁve diﬀerent spots, which were mostly selected in
bee areas [52]. Those spots were tested with varying loads
ranging from 10 nN to 40 nN. Elastic moduli in these spots were
estimated with equation (3), and it was observed that moduli
values varied from 0.29 GPa to 2.0 GPa, with trend of the higher
the load, the lower the modulus value, an opposite trend that is
generally seen at a macroscopic scale. The perpetua phase
(smooth matrix) was noticed to be stiﬀer than the catanaphase/
periphase that supports Hossain et al.’s ﬁndings [50].
Allen et al. [58] examined viscoelastic/composite moduli
of asphalt phases for aged and unaged conditions. A signiﬁcantly higher modulus value was reported for all three
phases in aged asphalt sample than that of the unaged
sample. When an additive is added to modify an asphalt
binder to improve its mechanistic behavior, the additive
changes its morphological network as discussed in the
previous section. In turn, the modiﬁed morphology helps
improve the mechanistic performance. Such behavior was
also seen in the microscopic scale—in terms of modulus of
the asphalt phases. Besides, modulus values of asphalt phases
in this very small scale is also signiﬁcantly aﬀected by the
testing temperature. As expected, moduli of asphalt phases
decrease as temperature increases, in general. Figure 23
presents a two-dimensional model and shows how modulus of catana, peri, and perpetua phases changes under a wide
range of temperature.
E�

4 1 − ϑ2 Fmax
3 δ2max tan α

,

(3)

where E � elastic modulus, F � maximum applied force, α �
half angle in the tip of cantilever in atomic force microscopy,
δ � indentation depth, and ϑ � Poisson’s ratio.
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Figure 20: Diﬀerent phases exhibit diﬀerent adhesion force in the left image (a). Frequency distribution of adhesion forces (b). The Figure
20(b) is reproduced from Fischer et al. [49] (under the creative commons attribution license/public domain).
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Figure 21: (a) Topographic image of asphalt sample with varying height, (b) adhesion force values (in nN) obtained in raised area from
diﬀerent samples, and (c) adhesion force values (in nN) obtained in recessed area. The Figures 21(b) and 21(c) is reproduced from Yu et al.
[51] (under the creative commons attribution license/public domain).

4.3. Creep and Deformation Characteristics of Asphalt Phases.
Asphalt is fundamentally a viscoelastic material—exhibiting
the behavior of an elastic solid and a viscous liquid. When it
is placed under a mechanical loading, it deforms instantly
and also over time. When load is removed, some part of the
deformation rebounds. Many studies have been conducted
to understand this viscoelastic behavior of asphalt from
micro- and nanoscopic scales [19, 35, 50, 52, 58]. Dourado

et al. [52] examined how asphalt’s morphological surface
changes under mechanical loading (10 nN) over time with
the AFM technique. It was reported that, after 12 minutes
from loading, a dark zone appeared that reﬂected changes
in morphology for an imposed load, but it is reduced
signiﬁcantly after an hour. Qtaish [59] also found similar
results (Figure 24). Figure 25 displays how the phase deformation changes over time. Clearly, it can be noticed ﬁrst
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Figure 22: Modulus proﬁle of an asphalt sample of 20 × 20 micrometer.
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Figure 23: Eﬀect of temperature on asphalt phases. The ﬁgure is reproduced from Fischer et al. [49] (under the creative commons
attribution license/public domain).

deformation was increasing under the loading that could be
attributed to the tensile eﬀect on the surface, whereas after
reaching the peak deformation, it decreased over time that can
be attributed to elastic recovery after the load is removed.
Allen et al. [33] estimated deformation characteristics of
asphalt phases for aged and unaged conditions for diﬀerent
asphalt samples and found diﬀerent creep performance
between the asphalts. Figure 26 shows deformation proﬁles
of two phases (continuous phase/smooth matrix and dispersed phase/surrounding of bee) of SHRP ABD asphalt. For
the unaged sample, higher deformation was observed in
smooth matrix than the dispersed phase under a creep static
loading of 5 nN, while almost similar deformation trend was
observed for both phases in the aged sample, suggesting
morphological changes of the phases during aging processes.
Interestingly, aged phases exhibited an elastic solid material
behavior—a linear deformation with time while unaged
phases showed a lag in deformation response for the creep
loading. Study also found that the deformation value of
asphalt phases, that is critical for understanding nucleation
of microcracks and developing prevention mechanisms, is
changed with the additives added for asphalt modiﬁcation or
when a neat asphalt is blended with aged asphalt from
recycled pavement [50]. Figure 27 shows asphalt phases after
straining. Crack is nucleated around the bee areas at different scales and with diﬀerent geometrical blocks—such
diﬀerences can be attributed to the heterogeneity in the

asphalt phases that induce diﬀerential local stress and strain
with various amplitude leading to microcracks.

5. Concluding Remarks
Asphalt binder is a vital component for asphalt pavement
and dictates the overall performance of pavement. Much
research studies have been done to better understand the
behavior and properties of binder. In the recent years, a
number of studies have also been conducted to understand asphalt binder at molecular/nanoscale level. A
thorough review on asphalt binder’s binder properties at
diﬀerent scale levels has been conducted in this study.
Based on the review of the literature, the following can be
concluded:
(i) To better understand and predict the performance
of pavement, it is important to understand the
behavior and performance of asphalt binder at
molecular and nanoscales. This became even more
important with the increased trends in modiﬁcation of asphalt binders and utilization of recycled
asphalts in new pavement constructions.
(ii) Asphalt molecular models are widely varied
depending on origins, chemical processing, and so on.
(iii) At the nano level, an asphalt binder has three major
microdomains: catana phase (also called dispersed
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(a)
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(c)

(d)

Figure 24: Asphalt micrograph: (a) directly before loading, (b) 163 sec after loading, (c) 350 sec after loading, and (d) 800 sec after loading.
The ﬁgure is obtained from Qtaish [59] (under the creative commons attribution license/public domain).
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Figure 25: Changes in deformation in the asphalt phase under a mechanical loading of 25 nN. The ﬁgure is reproduced from Dourado et al.
[52] (under the creative commons attribution license/public domain).

phase), periphase (phase surrounding dispersed
phase), and perpetua phase (continuous phase). It is
reported that the existence and dominance of these
microdomains can be highly inﬂuenced by aging,
environmental factors, and asphalt modiﬁcation types.

force and contribute to prevent deformation and act
as a stitching between the microcracks. The average
diameter of molecule ﬁbril of a typical asphalt
molecule is 10 micrometers. However, the size of the
ﬁbrils can vary due to aging and modiﬁcation types.

(iv) Many studies also reported that an asphalt binder
consists of network of molecular compounds, observed through electron microscopes. When asphalt
is loaded, the ﬁbril network provides the resistance

(v) Adhesibility is a very important performance property
of asphalt binder that is highly varied depending
source, and chemical compositions and types. The
adhesive property of asphalt microdomains can be
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Figure 26: Deformation over time of perpetua (P1) and peri (P2) phases under a creep load of 5 nanonewtons for unaged (a) and aged (b)
asphalt samples. The ﬁgure is reproduced from Allen [33] (under the creative commons attribution license/public domain).
17.6 nm

Height sensor

2.0μm

–19.1 nm

457.2 MPa

DMTModulus

(a)

2.0μm

291.0 MPa

(b)

Figure 27: (a) Micrographs of asphalt phases before application of strain and (b) after straining.

estimated using the atomic force technique, and
studies reported that the property is signiﬁcantly
varied among the microdomains and the catana phase
has the weakest adhesive force component.
(vi) From stiﬀness perspective, the catana phase is stiﬀer
than perpetua phase, while the perpetua phase was
found more viscous than periphase. However, under creep loading, a higher deformation was found
in the perpetua phase compared to the catana phase.
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