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Abstract: Nanosilica (NS) may be obtained as a by-product
in several industrial processes and is associated with high
availability and affordability among other nanoadditives.
NS has been used for asphalt modification, and improve-
ment in high-temperature performance and several other
physical properties has been reported. However, due to the
wide varieties and intrinsic variability of asphalt materials,
concerns have been raised about the reproducibility of
some conclusions, and therefore, a review was conducted.
According to the results, NS additives with a purity of over
99% were usually used for modification and the specific
surface area was over 100 m2/g, leading to the superior
absorption of asphalt and thus improvement in rutting
resistance of the mixtures. Due to a lack of guidance for
the blending procedures, inconsistency exists among stu-
dies in the shear speed, blending duration, and temperature,
leading to possible excessive blending and unnecessary
energy and time consumption. Rises in NS concentration
would cause higher softening point and rotational viscosity,
and therefore elevated temperatures for mixing and paving,
but penetration would be reduced. According to rheological
evaluations, with the rise of NS concentration, the rutting
parameter would increase, indicating an improvement in
the high-temperature performance, but the low-tempera-
ture performance may deteriorate.

Keywords: nanosilica, asphalt binders, modification, rheo-
logical property, dynamic shear rheometer test

1 Introduction

Asphalt concrete plays a dominant role in pavement con-
struction. The applications in wide territorial ranges require
adaptability to different thermal and moisture conditions,
and the increasing traffic loads require better mechanical
properties and fatigue resistance [1]. To satisfy the require-
ments for asphalt binders andmixtures, additives have been
used for modification [2], including nanomaterials, e.g.,
nanocarbon [3], nanoclay [4], nano-TiO2 [5], nanographene
oxide [6], nano-Al2O3 [7,8], and nanosilica (NS) [2]. Nanoma-
terials have a particle size ranging from 1 to 100 nm [9]. With
small particle sizes and large specific surface areas, proper
nanoparticles can adsorb asphalt and reduce liquidity [10].
NS has advantages among nanomaterials in stability and
affordability, for example, the NS used by Shi et al. [11] in
2018 was 50 CNY (about 7 USD) per kilogram. NS used for
asphalt modification is usually white or off-white spherical
inorganic non-metallic particles with sizes of about 30 nm
[12]. The main component is silica oxide and therefore NS
has stable chemical properties and is non-toxic [13]. NS has a
long history of applications in cement concrete to improve
the strength, wear resistance, and durability and reduce
material segregation [14].

In recent years, NS additives have been used for asphalt
modification [15], where the particles usually have a high
purity of over 99%, a small dimension within 30 nm, and a
large specific area of over 100 m2/g [16–19]. In the modifica-
tion processes, NS is first blended with asphalt binders by
high-shear mixers, but due to a lack of guiding standards,
the blending procedures vary among studies in terms of the
shear speed of mixers, the duration, and the temperature.
For example, they were blended at 145℃ and 1,500 rpm for
60min in the study of Saltan et al. [20] and 150–160℃ and
4,000 rpm for 120min in the study of Sukhija et al. [21]. Most
studies claimed that their blending procedures were suffi-
cient to guarantee proper dispersion of NS particles in bin-
ders with evidence from scanning electron microscope (SEM)
photos, but excessive blending may exist, leading to the aging
of binders and unnecessary consumption of time and energy,
hindering the economical effectiveness of NS additives.
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In addition, investigated NS-concentration ranges vary among
studies, for example, the maximum tested NS concentration
was 7% in the study of Ezzat et al. [22], but it was only 0.5% in
the study of Saltan et al. [20]. Apart from themixing approach
by high-speedmixers, a recent researchmanufacturedmicro-
capsules from NS and vegetable oil by in situ polymerization
for further use in asphalt, but associated research is lim-
ited [23].

To evaluate the modification effects of NS additives on
asphalt binders, experiments have been conducted on aged
and unaged binder samples before and after modification,
where conventional and rheological properties of the sam-
ples have been examined [12,16–19]. Standards for evalua-
tions of asphalt binders have been well established and
usually followed in studies about NS modification. Conven-
tionally, several empirical parameters have been used to
characterize the binders, including penetration, softening
points, ductility, viscosity, and other parameters obtained
from associated tests [24,25]. More rheological parameters
(e.g., complex modulus and phase angle [26,27]) and asso-
ciated tests (e.g., dynamic shear rheometer [DSR] test and
bending beam rheometer [BBR] tests) have been intro-
duced in Superpave specifications as a result of Strategic
Highway Research Program (SHRP) [28,29]. Several other
advanced technologies have also been used, for example,
Fourier transform infrared spectrum (FTIR) tests were
used to examine the dispersion and possible chemical reac-
tions of NS particles in binders, and special functional
groups were identified by FTIR to evaluate the aging status
of binders [30,31]. Several conclusions have been obtained
from the results, for example, NS additives would bring a
reduction in penetration and an increase in softening point
and viscosity, and therefore, higher stiffness and rutting
resistance [18,32,33], and experiments have also shown that
they improve the self-healing behavior of asphalt mixtures
[34]. The molecular dynamic method has also been used to
simulate NS-modified asphalt [35] and explain the self-
healing mechanism [36], but associated studies are limited,
possibly due to the difficulties brought by complex compo-
nents of asphalt materials.

However, asphalt materials are associated with wide
varieties and intrinsic variability [37,38]. Properties of
asphalt may vary with, for example, additives, manufac-
turing, construction processes, and environmental condi-
tions [39]. In studies about the effects of NS, binder samples
with different grades, grading systems, additives, and man-
ufacturers were used and inconsistency existed among
some of the results [40]. Different evaluating systems
have been applied to describe a single behavior of asphalt
binders, for example, low-temperature cracking of mix-
tures may be predicted by ductility, DSR tests, frequency

sweep tests, etc. For the aforementioned reasons, different,
even contrary conclusions have been drawn about the
effects of NS on asphalt binders. Therefore, concerns have
been raised about the reproducibility of some conclusions
and especially the quantitative ones. It hinders the commer-
cialization and further applications of NS additives [14,33].
A systematic literature review is, therefore, necessary to
describe and compare the properties of NS additives, asphalt
types, and blending procedures used for the modification.
Test procedures and parameters used for the characteriza-
tion of NS-modified binders also require investigations in
terms of their effectiveness and consistency among different
studies.

In this review, the NS additives for modification in
existing literature were first described, including the mor-
phology, purity, density, and concentration. Second, the
blending procedures by high-shear mixers for NS additives
and binders were described and compared in terms of the
shear speed, the blending durations, and the temperatures.
Technical approaches to identify the dispersion of NS par-
ticles in binders were also introduced, e.g., SEM and FTIR
tests. Third, conventional empirical tests and parameters
used for evaluating NS-modified binders (e.g., penetration,
softening point, and ductility) and associated results were
presented with extensive comparisons. In the end, tests
conducted as per Superpave specifications on rheological
properties of NS-modified binders before and after aging
were reviewed and the conclusions were compared with
those obtained from the conventional tests.

2 Properties of NS for asphalt
modification

Porous amorphous NS powders were used in existing stu-
dies for asphalt modification due to their superior mor-
phology and physical and chemical properties [41]. First,
NS is physically and chemically stable in a wide tempera-
ture range, with a melting point exceeding 1,600℃ [20,42],
and therefore, would not be affected by the temperature of
up to about 180℃ in the modification and mixing process of
asphalt. According to the infrared spectrum test, the mod-
ification would not produce new chemical groups and the
process is therefore physically dominated [18] due to the
high chemical stability of NS [12].

Second, NS is highly dispersive due to the nanodimen-
sion and strong hydrophobicity [12]. It may be distributed
better than several other alternative nanomodifiers (e.g.,
nanomontmorillonite) in the asphalt binders and no
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obvious agglomeration formed in existing research after
proper blending [22]. Properties of NS used in the related
literature are shown in Table 1. It may be noticed that the
bulk density (also referred to as surface density in the
literature) of NS is about 0.1 g/cm3, while the true density
is 2.4 g/cm3, suggesting that NS has a fluffy status with a
large proportion of void.

Third, the large specific surface area of NS is beneficial
for absorbing asphalt. The specific surface area of a par-
ticle generally increases with the decrease in the particle
size; therefore, a large specific surface area is one of the
main characteristics of nanomaterials. NS particles used in
the relevant studies have porous structures, which further
increase the specific surface area. The NS particle sizes
used in related studies generally range from 10 to 30 nm,
and the maximum one is 80 nm, leading to a large surface
area of 100–600 m2/g (Table 1).

The specific surface areas of spherical and fibrous NS
have been compared in a recent study, where fibrous NS
was synthesized in laboratory conditions [33]; the specific
surface area of fibrous nanosilica (FNS) was 702 m2/g, and
it was only 195 m2/g for the spherical control group. This
specific surface area of FNS is also higher than the other
spherical NS used in studies listed in Table 1. In asphalt
modification, FNS showed more positive effects on asphalt
stiffness and rutting resistance than spherical ones [33].
Despite these advantages, FNS was not used in other
research possibly due to considerations of affordability
and commercial availability.

As listed in Table 1, the used NS additives have over
99% purity and are from commercial products [11] or
synthesis methods in laboratories [33]. Other element com-
positions in NS include Fe (<200 ppm), Ti (<120 ppm), Na

(<50 ppm), and Ca (<20 ppm) [30], and the major impurities
are consistent with the study by Taherkhani et al. [43]. In
another study it includes Mg (<1,000 ppm), Ca (<800 ppm),
Fe (<500 ppm), and Al (<200 ppm) [16]. The element com-
positions of NS additives, therefore, vary among studies,
and it may depend on the raw materials and manufac-
turing processes. NS powders may also be obtained as
the by-product in the production of elemental silica or
alloys containing silica in electric arc furnaces, but some
of them have large sizes (0.1–0.3 µm) and lower purity and
are referred to as silica fume in literature [44,45]. Silica
fume has also been used for asphalt modification, but
they have different properties from NS and are not further
discussed in this review [46,47].

As a core indicator, the specific surface areas are obtained
by the N2 adsorption experiment, which is demanding and
time-consuming [33]. According to the data listed in Table 1,
a negative relation between the specific surface areas and
the bulk density has been noticed as shown in Figure 1
[11,12,15–17,43,50,52] and may be used to roughly estimate
the specific surface areas. NS in literature [51] was modified
by polydimethylsiloxane; therefore, the data were not
included in Figure 1.

3 Blending of NS and asphalt

3.1 Asphalt type

Practical applications require proper dispersion of NS par-
ticles in asphalt binders. Due to the high viscosity of bin-
ders and small sizes of NS particles, high-shear mixers

Table 1: Properties of NS used for asphalt modification

Diameter (nm) Surface area (m2/g) Bulk density (g/cm3) True density (g/cm3) Purity (%) Ref.

15 ± 3 160 ± 12 <0.14 — >99.9 Ghasemi et al. [15]
20–30 130–600 — 2.1 >99.0 Shafabakhsh and Ani [48]
11–13 200 <0.1 2.4 99 Taherkhani et al. [43]
80 20–45 — — — Han et al. [31]
— 140 0.2 2.4 >99.0 Enieb and Diab [17]
20–30 180–600 <0.10 2.4 99.5 Nazari et al. [42]
10–25 100 ± 25 0.15 — >99.9 Bala et al. [12]
30 225 0.04 — 99.8 Shi et al. [11]
20–30 180–600 <0.10 — >99.0 Shafabakhsh et al. [49]
20–30 180–600 <0.10 2.4 >99.0 Motamedi et al. [30]
30–50 200–250 0.10 2.5 99.5 Bhat and Mir [16]
10–25 100 ± 25 0.15 — >99.9 Al-Sabaeei et al. [50]
14 80–120 0.04 — ≥99.8 Lushinga et al. [51]
30 200 ± 34 0.032–0.058 — 99.82 Babagoli et al. [52]
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were used for blending and the procedures from 19 existing
studies have been summarized in Table 2, where the asphalt
types, NS concentrations, blending temperatures, shear speeds,
and durations are listed. The NS concentration refers to the
percentage of NS to asphalt by weight.

Three grading systems for asphalt have been used in
studies in Table 2, where PG refers to the performance
grade (PG), Pen indicates the penetration, and VG stands
for the viscosity grade [21]. Pen 60/70 asphalt is used by
most studies due to frequent use in practice. All studies
listed in Table 2 have included a control group without
NS, and control groups were usually not subjected to
blending procedures. A study suggested that the control
groups also require blending to eliminate the differences
brought by the aging of asphalt binders during blending
[17,21], but in practice neat asphalt would not be blended
before mixing with aggregates. Neat asphalt and several
types of polymer-modified asphalt have been investigated,
and the polymers include polypropylene [12], crumb rubber
[31,51], styrene butadiene styrene (SBS) [15], acrylonitrile-
butadiene-styrene terpolymer (ABS) [32], and polyurethane
(PU) [30]. Modification effects of NS have also been com-
pared or incorporated with TiO2 (2–4%), CaCO3 (2–4%)
[42], nanomontmorillonite (nano-MMT, 3%) [22], tyre pyro-
lysis oil (TPO) [50], and waste denim fiber [53]. Reclaimed
asphalt pavement materials have also been used as addi-
tives together with NS in existing literature [54,55]. There-
fore, a research mode is evaluating the effect of NS on
asphalt binders with different modifiers, and a wide range
of studies has been conducted due to the rich types of
existing and potential modifiers. However, the applicability
of a particular studymay be limited since the results depend
significantly on the base asphalt and modifiers. Several
other additives have also been conventionally used for

asphalt modification, but research on their synergic effect
with NS is still limited, indicating opportunities for further
research, and these additives include styrene-ethylene-buta-
diene-styrene copolymer [56], polyethylene terephthalate
[57], styrene-butadiene rubber [58], polyphosphoric acid
[58], etc. It should be noted that these additives can be
used for asphalt modification alone or in concert.

3.2 NS concentrations

To determine the optimal NS concentration, binder sam-
ples with various NS concentrations were subjected to
existing evaluation systems after proper blending to quan-
tify their performance variation with NS concentrations.
Two main evaluation systems have been involved, where
the first one is more conventional and based on empirical
indicators [16], including penetration, softening point, duc-
tility, etc. This evaluation is still widely used in practical
projects and associated studies are discussed in Section 4.
Another evaluation system focuses more on rheological
properties of asphalt [18], and it involves DSR test, BBR
test, BBR test, multiple stress creep and recovery (MSCR)
tests, etc. Associated studies are discussed in Section 5. In
practice, requirements on asphalt properties would be
determined based on environmental conditions, traffic
loads, and affordability, and optimal NS concentrations
are determined accordingly. Therefore, the optimal NS
concentration depends on practical requirements.

The NS concentrations listed in Table 2 range from 0.1
to 7%, and the maximum concentrations reach at least 6%
in 11 out of 23 studies. Divergence in the tested ranges of NS
concentrations is also noticed. In several studies, the max-
imum NS concentrations go up to 7% [22,30], while they are
no more than 0.5% in some other research [20].

3.3 Blending procedures

The blending temperatures are between 150 and 170℃ in 17
out of 23 studies and are similar to the mixing tempera-
tures for asphalt binders and aggregates [59]. Such a tempera-
ture range may balance the aging effects and the fluidity of
asphalt. Requirements of special additives also affect the
blending temperature, for example, a low blending tempera-
ture of 130℃ was used in the study of Yao et al. [32], because
the additives included ABS with a boiling point of 145℃. A
relatively high blending temperature of 180℃ was applied
when incorporating mesoporous NS, which requires higher
fluidity for asphalt to fill the microvoids [18].

Figure 1: Regression between bulk density and specific surface area of
NS (based on data from literature [11,12,15–17,43,50,52]).
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Revolutions per minute (rpm) and blending durations of
high-shear mixers are the main parameters to be deter-
mined in the blending procedures. A standard (ASTM
C1738/C1738M-18) for hydraulic cement pastes was followed
in an existing study [19], since special standards for blending
asphalt and NS are still not available. References or reasons
for blending procedures were not mentioned inmost studies
in Table 2. Investigations and optimizations for the blending
procedures are meaningful, since insufficient blending may
cause agglomeration and segregation in materials as could
be observed in SEM photos, while excessive blending may
cause aging of asphalt and additives and unnecessary
energy consumption and therefore deteriorate the com-
petitiveness of NS.

Different procedures, i.e., blending rpm and time, are
used among the studies listed in Table 2. The rpm ranges
from 1,200 to 6,100, while the duration ranges from 15 to
120min. The total revolutions, i.e., the product of rpm and dura-
tion, range from 60,000 to 480,000 rpm. After blending, SEM
photos are taken for the modified asphalt specimens, and all
blending procedures have been claimed to guarantee proper
dispersion of NS in asphalt in existing studies. Similarly, X-ray
diffraction (XRD) [33] and FTIR tests [30] have been used to
evaluate the dispersion of NS in asphalt binders.

The sensitivity of NS dispersion to the blending rpm
and durations is seldom investigated in these studies, and
excessive blending probably exists. A quantitative sensi-
tivity analysis was conducted by [16], where samples were
taken from the mixer every 15min and the complex mod-
ules were measured; the modules kept rising until 120min;
therefore, the blending duration was determined as 120min.
Another research blended polymer-modified asphalt bin-
ders with NS at 4,000 rpm and concluded that increasing
the blending duration from 60 to 90min would not signifi-
cantly affect the properties of asphalt binders in terms of
penetration, softening point, viscosity at 135°C, recovery, and
non-recoverable creep compliance [60], and thus suggested
a blending duration of 60min.

Therefore, inconsistencies exist among studies on proper
blending procedures, including the blending speeds, dura-
tions, and temperature, possibly due to the use of different
asphalt binders and additives, as well as a lack of adequate
research. Meanwhile, different approaches (e.g., SEM, XRD
and FTIR) and criteria have been used to evaluate the disper-
sion of NS in asphalt binders [61–63], but their effectiveness
and cost efficiency have not been evaluated. These approaches
are mainly empirical and lack quantitative evaluation on uni-
formity of NS dispersion, which may lead to insufficient or
excessive blending. Insufficient blending causes partially
inferior material performance, while excessive blending
wastes time and energy and causes asphalt aging, which

hinders the industrial application of NS. This implies
research opportunities to propose reasonable approaches
and criteria for determining proper blending procedures
in practice.

Despite the inconsistencies, conventional blending proce-
dures in literature could be summarized. First, the blending
temperature usually ranges from 150 to 170°C, while it may be
about 180°C for asphalt with crumb rubber. Second, binders
with higher viscosity require more blending revolutions, and
the total revolutions should be over 180,000 for polymer-mod-
ified asphalt and over 90,000 for other binders, but the max-
imum revolution is 480,000. The criterion of proper blending
is adequate dispersion of NS in binders.

Since existing studies suggest that NS mainly improves
the high-temperature performance of asphalt binders, rele-
vant research was conducted by countries constructing
asphalt pavement in high-temperature scenarios, e.g., Iran,
Egypt, and Malaysia, as shown in Table 2.

4 Conventional physical properties

4.1 Penetration

The penetration reflects the shearing resistance, stiffness,
and viscosity [64] and was therefore used by existing studies
to evaluate the modification effects of NS. The penetration
test is usually conducted as per ASTM D5, although several
other standards have also been used, e.g., AASHTO T 49 and
IS: 1203 [16]. The standard penetration needle and test tem-
perature (i.e., 25℃) among different standards are identical.

Variations in penetration with NS concentration for
neat asphalt and polymer-modified asphalt based on results
from existing studies have been presented in Figure 2
[15–18,30,31,33,62]. The unit for penetration is 0.1mm, i.e.,
decimillimeter (dmm), but was written as “mm” in several
studies and led to unusual results [16,18], and it has been
amended before the results were adapted to Figure 2. Types
of asphalt, blending procedures, and additives used in these
studies have been listed in Table 2.

As shown in Figure 2, for all tested asphalt samples, the
penetration decreases as NS concentration rises, indicating
a rise in the stiffness, viscosity, and shearing resistance.
Existing literature suggested that absorption of the mal-
tene phase in asphalt and high stiffness of NS contributed
to an overall high stiffness of modified asphalt [48]. Gen-
erally consistent results are witnessed in Figure 2a, but an
unusual rapid decrease in penetration is reported at 0.5
and 1% NS by Bhat and Mir [16], possibly because a dif-
ferent test testing standard (i.e., IS 1203) and special asphalt
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were used. A maximum of 6% NS was used in the other
four studies, and according to average results, when 6% NS
was added to neat asphalt, the penetration decreases
from 64 to 49 dmm. In Figure 2a, FNS stands for fibrous
NS, while SNS is the spherical one. According to the
results from Moeini et al. [33], spherical and fibrous NS
particles have almost identical effects on the penetration
of neat asphalt, and the maximum difference is smaller
than 5%. Similarly, when the NS rises from 0 to 6%, the
penetration of polymer-modified binders decreases from
72 to 48 dmm on average as shown in Figure 2b, and the
decrease is more obvious than that of the neat asphalt.

4.2 Softening point

The softening point is also an empirical parameter and is
obtained from the ring and ball tests as per ASTM D36 and

IS: 1205 [16]. It characterizes the susceptibility of asphalt
to temperature. As shown in Figure 3, the softening point
generally increases with the rise in NS concentration,
although slight decreases are witnessed when the NS rises
from 0 to 2% and 4 to 6% in a study [17]. Based on average
results, by adding 6% NS, the softening point increases
from 49.2 to 56.7℃ for neat asphalt (Figure 3a) and from
56.3 to 68.3℃ for polymer-modified asphalt (Figure 3b).

An improved softening point is favorable since it indi-
cates less susceptibility to temperature, and the asphalt
mixtures would have better resistance to rutting and per-
manent deformation at high temperatures [48,65]. Effects
of NS morphology are not obvious according to results
from Moeini et al. [33]. An unusual sharp increase is
reported by Bhat and Mir as shown in Figure 3a [16], pos-
sibly because a different test testing standard (i.e., IS 1203)
and special asphalt were used.

Figure 2: Variations of penetration with NS concentration for (a) neat asphalt and (b) polymer-modified asphalt (based on data from literature
[15–18,30,31,33,62]).

Figure 3: Variation of softening point with NS concentration for (a) neat asphalt and (b) polymer-modified asphalt (based on data from literature
[15–18,30,31,33,62]).

Modification effects of nanosilica on asphalt binders  7



4.3 Storage stability

Asphalt would be heated to a high temperature during
processing and becomes more flowable, then segregation
may happen in asphalt binders with insoluble additives
due to density differences. Storage stability may also affect
the transporting, mixing, and paving process of asphalt.
ASTM standards have been available for evaluating the
storage stability of asphalt binders modified with SBS
and ethylene-vinyl-acetate polymers, i.e., ASTM D 5976
and ASTM D 5841. Ghasemi et al. [15] reported an evalua-
tion of the storage stability of 5%-SBS-modified asphalt
with NS, where the samples were cast into aluminum foil
tubes with a diameter of 32 mm and a height of 160mm.
The tubes were then sealed and placed vertically in an oven
at 163℃ for 48 h before being cooled and cut evenly into
three sections. Softening points of samples from the top
and bottom sections were measured and the difference is
required to be within 2.5℃. The samples with NS (0.5–2%)
passed the tests with the maximum temperature differences
of 1.2℃, while the control group without NS failed [15]. In a
similar test on polymer-modified asphalt with 2–6% NS, an
aluminum foil tube with a different dimension was used,
and the temperature differences decreased with NS concen-
tration, and only the sample with 6% NS passed the test [62].
Results from the two studies suggest that adding NS can
enhance the storage stability of polymer-modified asphalt,
and the effect would increase with the rise in the concentra-
tion of NS.

The storage stability of neat asphalt with 2–6% NS has
also been investigated by similar tests as per BS EN 13399,
where the samples were stored at 180℃ for 72 h. All sam-
ples passed the test, and the maximum difference in soft-
ening points between the top and bottom sections was only
0.6℃, much smaller than the requirement of 5℃ [18]. How-
ever, the temperature differences would increase as NS
concentration rises, which is in contrast to the situation
of polymer-modified asphalt; therefore, NS is negative for
the storage stability of neat asphalt. Neat asphalt with up to
6% added NS still satisfies the requirement in the storage
stability. Standards for polymer-modified asphalt have
been used in existing studies for evaluating the storage
stability of NS-modified binders, but the polymer additives
have different working mechanism with NS. Polymer addi-
tives are melted when blending with asphalt, while NS is
intact during blending due to its high melting point exceeding
1,600℃ [20,42]; therefore, the feasibility of standards for
polymer additives on NS requires further justification.

It can be seen that NS has a two-sided effect on the
storage stability of asphalt binders. First, due to the stable
chemical and physical properties, NS exists as particles in

asphalt binders. NS particles have a density of 2.1–2.5
g/cm3, which is higher than the densities of the SARA com-
ponents of asphalt, i.e., saturates, aromatics, resins, and
asphaltenes [66], ranging 0.90–1.15 g/cm3; therefore, NS in
asphalt would precipitate due to natural density differ-
ences. Second, for SBS-modified asphalt, NS would absorb
the saturates and aromatics and reduce the fluidity of
asphalt and segregation of SBS. Since SBS and asphalt are
thermodynamically incompatible, SBS exists in the form of
micelles in asphalt after proper blending. Density differ-
ences and SBS coalescence would lead to segregation espe-
cially at elevated temperatures where asphalt presents
high followability. In the mixing and storage temperature
of about 180°C, saturates and aromatics exist as liquid and
mainly contribute to the fluidity of asphalt, whereas asphal-
tenes do not show any thermal transition up to 200°C and
mainly build the viscosity of asphalt. The added NS would
absorb the saturates and aromatics with a small molecular
weight, while the asphaltenes and resins are almost unaf-
fected. As a result, the overall viscosity of asphalt increases,
the SBS micelles become more stable, and the storage stabi-
lity of SBS-modified asphalt would increase.

4.4 Ductility

Ductility is an empirical parameter to characterize the
plasticity of asphalt and is associated with low-tempera-
ture performance. Asphalt mixtures made with low-
ductility asphalt binders are more likely to crack at low
temperatures. The ductility of NS-modified asphalt was not
evaluated in most relevant studies, possibly because NS
additives are usually used to improve the high-tempera-
ture performance of asphalt and therefore applied in hot
regions (Table 2). Results from studies are summarized in
Figure 4, and all the tests are performed at 25℃, although
different standards have been referred to, e.g., ASTM D113
[18,62] and IS 1208 [16]. As shown in Figure 4, NS usually
causes a reduction in ductility, and according to Fini et al.
[18], when the NS rises from 0 to 6%, the ductility decreases
almost linearly from over 150 to 27 cm by 82%. Therefore,
NS may have negative effects on the low-temperature per-
formance of asphalt mixtures, and the ductility of NS-mod-
ified binders should be evaluated before applications in
cold regions. The influence of NS on the ductility of asphalt
mainly attributes to the absorption of saturates and aro-
matics by NS. The two components have higher fluidity,
contributing to lubrication and softening of asphalt, but
they are easily adsorbed by NS. After their adsorption by
NS, the effects of asphaltene and resins are more obvious
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and the asphalt get hardened and brittle. In the study by
Alhamali et al. [62], an unusual increase in the ductility was
witnessed when NS concentration increased from 2 to 6%,
possibly because a special asphalt, i.e., PG-76 (Dorotech Hr-
Super) polymer-modified bitumen, was used, but more infor-
mation about the polymer modifier was unavailable.

4.5 Penetration index (PI)

The PI is calculated based on the results of penetration and
softening point to evaluate the sensitivity of asphalt to
temperature. Figure 5 shows evaluations on PI in existing
studies, where PI is calculated by equation (1) [16,62] and
background information of type of asphalt, blending pro-
cedures, and additives has been provided in Table 2.

=
− × −
× − −

PI
1952 500 LogPen 20SP

50 LogPen SP 120
, (1)

where Pen is the penetration, in dmm, and SP is the soft-
ening point, in ℃.

Other formulations for calculating PI are available in
the literature and the relationships between different for-
mulas are available in the study of Ehinola et al. [67]. It
theoretically ranges from −3 to 7, and a higher PI indicates
less temperature sensitivity, thus more resistance against
rutting and low-temperature cracking. Inconsistency among
different studies is witnessed about the effects of NS on PI as
shown in Figure 5. In two studies by Alhamali et al. [62] and
Enieb and Diab [17], PI just fluctuates among the original
value after adding NS, and therefore, the effects are not
obvious, while in the other two studies, PI is increased
from 0.9 to 3.0 in the study of Bhat and Mir [16] and from

−0.3 to 1.4 by adding 2% NS [48]. Such inconsistency among
different studies suggests that the modification effects of NS
on PI may depend on the properties of asphalt binders and
additives used in practice as shown in Figure 5 and Table 2.

4.6 Rotational viscosity

The viscosity reflects the blending, mixing, and working
properties of asphalt. The rotational viscosity at 135℃
obtained by Brookfield viscometer as per ASTM D 4402
and AASHTO T 316 has become a major parameter in eval-
uating the viscosity of asphalt after being put forward by
SHRP. The rotational viscosity at 135℃ of polymer-modified
asphalt binders is required to be smaller than 3 Pa s, i.e.,
3,000 cP, as per Superpave specification (AASHTO M 320).

The variation of viscosity at 135℃ with NS concentra-
tion from existing studies is presented in Figure 6. An unu-
sual rapid increase in viscosity with NS concentration was
reported by Motamedi et al. [30], where a neat asphalt
binder with a low softening point (i.e., 46.6℃ as shown in
Figure 3b) and viscosity (250 cP as shown in Figure 5) and
high penetration (i.e., 88 dmm as shown in Figure 2b) was
used; the viscosity rises from 250 to 510 cP at 3% NS and to
2810 cP at 7% NS, approaching the upper limit of Superpave
specification. In the other studies presented in Figure 6, the
rise in viscosity is more smooth, and based on an average
value on the results, when adding 6% NS to asphalt, the
viscosity rises from 425 to 593 cP by 40%. A higher viscosity
means better resistance to deformation but would make
blending more difficult; therefore, procedures for blending
NS and asphalt and producing asphalt mixtures should
consider the effects of NS on viscosity and be altered based
on NS concentration. In addition, the effect of the mor-
phology of NS on the viscosity is not obvious [33].

Figure 4: Variation of ductility with NS concentration (based on data
from literature [16,18,62]).

Figure 5: Variation of PI with NS concentration (based on data from
literature [16,17,48,62]).
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4.7 Mixing and paving temperature

The rotational viscosity at other temperatures has also been
experimentally determined in existing studies since the phy-
sical properties of asphalt binders are sensitive to tempera-
ture. An example has been provided in Figure 7, where the
rotational viscosity at 135, 155, 175, and 195℃ is determined
for asphalt binder samples with 0 and 6% NS. When a loga-
rithmic longitudinal axis is used, the viscosity of both sam-
ples decreases almost linearly with the temperature rise,
and in the involved scale of temperature, the NS additive
is always able to provide a stable increase in viscosity.

In pavement construction, the mixing and paving tem-
peratures are determined based on the rotational viscosity
of asphalt binders as a balance between the workability
and aging of asphalt. For unmodified asphalt binders, the
temperature corresponding to a viscosity of 170 ± 20 cP is
suggested for mixing and 280 ± 30 cP for paving (Figure 7)

[20]. It means that the rise in viscosity brought by NS would
also require higher temperatures in mixing and paving.

As shown in Figure 7 and Table 3, proper mixing and
paving temperatures rise from 162 to 168℃ and from 150 to
156℃, respectively, when 6% NS was added to neat asphalt
[17], and a more obvious rise was observed in another
study [22]. The additional energy consumption and CO2

emission should be included in the feasibility analysis of
NS modification, but associated studies are limited. The
blending temperature for NS and asphalt binders may
also refer to this approach and vary with the viscosity
and NS concentration.

5 Rheological properties before
and after aging

5.1 DSR test

The DSR tests are used to evaluate the rheological proper-
ties of aged and unchanged asphalt binders at different
temperatures as per AASHTO T 315 or ASTM D 7175 [68].
In related studies, a loading rate of 10 rad/s is usually
applied, and the testing temperature ranges from 58 to
82℃ with an interval of 6℃ following the requirements
of the PG system. Low temperature is usually not applied
in these tests since the low-temperature performance of
binders focuses on cracking susceptibility and is usually
evaluated by BBR tests. Temperature sweep and frequency
sweep tests have also been conducted in several studies to
obtain more valid and precise results. For example, DSR
tests have been conducted at 25 levels of temperature ran-
ging from 30 to 90℃ [18]. The main parameters from the
DSR test are complex shared modulus (G*) and phase angle
(δ). G* is obtained as the maximum shear stress divided by
the maximum shear loading, indicating the resistance of
asphalt binders to repeated share deformation. δ is the lag

Figure 6: Variation of viscosity at 135°C with NS concentration (based on
data from literature [17,30,33]).

Figure 7: Temperature-viscosity behavior and determination of proper
mixing and paving temperatures.

Table 3: Blending temperature and suggested mixing and paving
temperature

Blending
temp. (℃)

NS (%) Mixing
temp. (℃)

Paving
temp. (℃)

160 [17] 0 162 150
2 163 152
4 167 155
6 168 156

145 [22] 0 155 143
7 167 156
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between the strain and the stress during the shear test,
indicating the ratio between recoverable and non-recover-
able deformation. A phase angle of 0° represents an elastic
solid and 90° is a viscous liquid [32]. G*/sinδ is used in the
PG system to characterize the high-temperature perfor-
mance and rutting resistance of asphalt binders. G*/sinδ
less than 1.0 kPa indicates the failure of unaged binders.
G*sinδ is usually used to evaluate the fatigue performance
of pressure aging vessel (PAV)-aged binders [30].

A typical result of variation in G*/sinδ with tempera-
ture for neat and NS-modified binders adapted from the
literature [18] is presented in Figure 8, and when the tem-
perature rises, G* decreases, but δ increases. 6% NS improves
G*/sinδ at all tested temperatures, and such improvement is
more obvious in elevated temperatures.

Trends in variations of G*, δ, and G*/sinδ with NS
concentration from literature are shown in Table 4, where
“↗” indicates a rising trend, “→” means no obvious trend,
and “↘” denotes a decreasing trend. The results from Table
4 show general consistency that G* would increase and δ
would decrease with the rise in NS concentration, resulting
in an increase in G*/sinδ and better high-temperature

performance. This result is supported by statistical analysis
by the analysis of variance test [11] and is also valid at
different loading frequencies from 0.1 to 100 rad/s according
to frequency sweep tests [16]. A different result was reported
in the study of Saltan et al. [20], possibly because a low NS
concentration within only 0.5% was used and the effects of
NS were not obvious. It should be mentioned that master
curves from frequency sweep tests have also been used to
obtain the Glover-Rowe parameter and ΔTc as indicators for
cracking [69]; ΔTc is the temperature difference between the
stiffness (S) meets 300MPa and the m value meets 0.3, but
such factors have not been used to evaluate the effects of NS
on asphalt binders.

The approach to determine the failure temperature,
i.e., the temperature corresponding to G*/sinδ equaling
1,000 Pa, is also shown in Figure 8, and it is 65℃ for neat
asphalt and 73℃ for 6%-NS-modified asphalt. Similarly, the
failure temperature and its variation with NS concentra-
tion obtained from literature directly or by interpolation
are presented in Figure 9 [11,18,31,33]. Higher failure tem-
perature indicates better high-temperature performance
and rutting resistance. Consistent results in Figure 9 evi-
denced positive effects of NS, and when NS rises from 0 to
4%, the average increase in failure temperature is 4.2℃. PG
of binders may be enhanced by such an increase and
would be discussed in Section 5.4.

5.2 DSR test after short-term aging

The DSR tests have also been used to evaluate the rheolo-
gical properties of aged binders. Two aging procedures are
usually used, where rolling thin film oven test (RTFOT) is
performed for short-term aging as per ASTM D2872 and
AASHTO T 240, and PAV is performed after RTFOT for
long-term aging as per ASTM D 6521 and AASHTO R 28.
According to Superpave specification and PG system, G*/sinδ
of binders after RTFOT is required to stay over 2.2 kPa at
the high pavement temperature of PG [70,71]. Similar to the

Figure 8: Variation of G*/sinδ with temperature for neat and NS mod-
ified binders (adapted from [18]).

Table 4: Results of unaged neat and NS-modified asphalt binders

Ref. G* δ G*/sinδ Details

Shafabakhsh and Ani [48] ↗ ↘ ↗ NS worked with different dosages of TiO2.
Fini et al. [18] ↗ ↘ ↗ Rise in G* was obvious at high temperatures.
Saltan et al. [20] → → ↘ Maximum NS concentration was 0.5%.
Han et al. [31] ↗ ↘ ↗ Only 4% NS concentration was studied.
Shi et al. [11] ↗ → ↗ Conclusions were based on statistical results.
Moeini et al. [33] ↗ ↘ ↗ FNS was more effective than SNS.
Bhat and Mir [16] ↗ ↘ ↗ Frequencies ranged from 0.1–100 rad/s.
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approach for unaged samples presented in Figure 8, the
failure temperature of RTFOT-aged binder samples corre-
sponding to aG*/sinδ of 2.2 kPa is presented in Figure 10 based
on results from associated studies [11,18,33]. As shown in
Figure 10, the failure temperature increases as the NS concen-
tration rises. Based on average results, the failure temperature
rises 5.6℃ by adding 6% NS, and FNS shows superiority over
SNS. Therefore, NS may improve the high pavement tempera-
ture in PG of binders.

5.3 BBR tests after long-term aging

The BBR tests are conducted on the residuals of binder
samples after RTFOT and PAV to characterize the crack
susceptibility of asphalt at low temperatures [72]. The
creep stiffness (S) and the material relaxation constant
(m-valve) are obtained from BBR. S reflects the resistance
to load and m-valve indicates the crack resistance at low

temperatures. At the low pavement temperature, S should
be less than 300MPa and them-value should be more than
0.3 in the 60-s loading process in the BBR test as per ASTM
D6648 [11,31–33]. It is a common conclusion that S will
increase at a lower temperature, but the m-value is in
contrast, and it also applies to NS-modified binders. Con-
sistent results from the literature indicate that the addition
of NS would cause an increase in S and a decrease in
m-value, and the effects are more obvious at higher NS
concentrations [11,31–33], indicating that NS additives would
deteriorate the low-temperature performance.

5.4 PG

In existing literature, the PG of a binder is determined
based on results from a range of tests including DSR,
RTFOT, PAV, and BBR as per the AASHTO MP 1 specifica-
tion. The nomenclature of the PG grade includes two tem-
peratures. The first one is the high pavement temperature
(in °C) in which the binder should resist rutting, and it is
determined as the maximum temperature level at which
G*/sinδ stays over 1.0 kPa before aging and 2.2 kPa after
RTFOT aging. The second one (a negative number in °C) is
the low pavement temperature in which the binder should
resist cracking, and it is usually determined as the lowest
temperature level with creep stiffness (S) smaller than
300MPa and anm-valve over 0.3. Therefore, the PG reflects
the high- and low-temperature performance of binders at
the same time directly and, therefore, can reflect the
changes in properties brought by NS.

By adding NS into asphalt binders, the PG grade may
be changed and the variation of PG with NS concentration
in literature is presented in Table 5. Consistent results
indicate that NS can improve the high pavement tempera-
ture in PG by one or two levels, e.g., from PG 58 to PG 70. It

Figure 9: Variation of failure temperature with NS concentration for
unaged binders in DSR tests (based on data from literature [11,18,31,33]).

Figure 10: Variation of failure temperature with NS concentration for
RTFOT-aged binders in DSR tests (based on data from literature
[11,18,33]).

Table 5: Effects of NS concentration on PG grades

Motamedi
et al. [30]

NS (%) 0 3 5 7
PG PG58-22 PG58-16 PG64-16 PG70-16

Shi et al. [11] NS (%) 0 1 2 3
PG PG64-22 PG64-22 PG70-22 PG70-16

Moeini
et al. [33]

NS (%) 0 2 4 6
PG (FNS) PG64-16 PG64-16 PG70-16 PG70-10
PG (SNS) PG64-16 PG64-16 PG64-10 PG70-10

Sukhija
et al. [21]

NS (%) 0 4 6
PG (VG10) PG58 PG70 PG70
PG (VG30) PG64 PG76 PG76

Ezzat
et al. [22]

NS (%) 0 7
PG PG58 PG70
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indicates the practical and economic value of NS additives.
However, the low pavement temperature may deteriorate
for one level, e.g., from −22 to −16°C. Therefore, the positive
modification effects of NS are limited to high pavement
temperatures [21,22].

A more updated standard (AASHTO M 322) has been
available for PG grading of asphalt since 2020, where traffic
loading has been taken into consideration. Parameters
from MSCR tests for samples after RTFOT aging, and those
from dynamic shear, creep stiffness, and direct tension for
samples after PAV aging are used for asphalt grading.
However, research on effects of NS on PG grade of asphalt
binders under the updated grading criterions is still limited
and requires further investigations.

5.5 MSCR tests

The MSCR tests have been used to characterize the rutting
resistance of neat and NS-modified asphalt as per ASTM
D7405 and AASHTO TP70 in literature [73,74], and updated
standards have been available (i.e., AASHTO T 350 for MSCR
tests and AASHTO M 322 for asphalt grading). MSCR tests
have shown effectiveness in predicting the rutting perfor-
mance of asphalt mixtures practically according to existing
studies [73,74]. In the tests, dynamic load cycles were applied
to samples and each cycle included a 1-s creeping and a 9-s
recovery. The standard stress levels are 0.1 and 3.2 kPa and
the corresponding accumulated non-recoverable creep com-
pliances were measured and referred to as Jnr0.1 for 0.1-kPa
loads and Jnr3.2 for 3.2-kPa loads. A lower value of Jnr0.1 and
Jnr3.2 indicates a better resistance to rutting.

In evaluations on NS-modified binders, a wide range of
test scenarios with combinations of different load levels
(e.g., 5 and 10 kPa in the study of Sukhija et al. [21]) and
temperatures (e.g., 58, 64, and 70℃ in the study of Ghanoon
and Tanzadeh [19] and 50℃ in the study of Fini et al. [18])
has been included in literature. Both unaged and RTFOT-
aged samples have been investigated [18,21]. Consistent
results were reported from these studies that Jnr0.1 and
Jnr3.2 would be decreased by NS additives and would be
further reduced with the rise of NS concentration. There-
fore, NS additives are effective in improving the rutting
resistance of asphalt binders, and the results are consistent
with those obtained from the DSR tests.

5.6 FTIR test

When light passes through a sample, a certain amount of
light is absorbed by molecules, indicating the chemical

groups in the sample. The FTIR results are recorded as
the transmitted or absorbed radiation versus the wave-
number, i.e., the frequency of light radiation. Details of
the FTIR method have been described in the literature
[75]. FTIR tests have been used to identify characteristic
functional groups in modified asphalt. Since a functional
group may be associated with a specific property of asphalt,
by detecting formations of new functional groups in mod-
ification processes, FTIR provides a solution to understand
the modification mechanism of different additives, e.g., SBS
[76], PU [77], TiO2 [78], and also NS [18].

FTIR tests have been conducted on samples of NS, neat
asphalt, and NS-modified asphalt, and the wavenumbers
ranged from 4,000 to 400 cm−1 [17,18,30–32]. The concerned
peaks in wavenumbers and the associated chemical groups
are presented in Table 6. It should be mentioned that the
characteristic absorption peak for a specific bond may
show differences among studies, for example, the absorp-
tion peak for the C]C bond was witnessed at 1,604 cm−1 in
the study of Han et al. [31] and 1,602 cm−1 in the study of
Enieb and Diab [17]. According to the results from FTIR
tests, neat and NS-modified asphalt shows almost identical
chemical groups, indicating that no new chemical groups
were produced in the modification process, and the mod-
ification effects are physically dominated [31].

FTIR tests have also been used to evaluate the aging
resistance of binders [18], since the aging process is asso-
ciated with oxidation characterized by the formation of the
carbonyl functional group, and the appearance of the
group can be indicated by the C]O bond. It has been
evidenced that the C]O infrared signal would increase
with the oxidation process of asphalt binder [79]. The
superiority of C]O over C]C or S]O as an indicator
for asphalt aging has been evidenced in the literature
[32]. Based on this theory, asphalt samples with 0–6%
of NS after aging have been subjected to FTIR tests. The

Table 6: Wavenumber and associated chemical groups

Wavenumber
(cm−1)

Chemical group Component Ref.

470, 804 and 1,114 Si–O–Si bond NS [30,31]
723–870 CH and CH2 bonds Polyaromatics [30]
1,384 and 1,458 Bending vibration of

C–H bond
Alkanes [31]

1,600–1,700 C]O bond Aging [18]
1,604 Stretching vibration

of C]C bond
Aromatics [31]

1,635 and 3,410 Hydroxyl NS [31]
2,922 and 2,852 Stretching vibration

of C–H bond
Alkanes [30]
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rolling thin film oven was used for short-term aging [18] and
the PAV was for long-term aging [32]. The results showed that
the samples with 6% NS had the lowest peak intensity and
hence best resistance to aging. Apart from the large surface
area, the presence of hydroxyl groups in NS as shown in
Table 6 was suggested to be responsible for the improvement,
since they would interact with polar aromatic and asphaltene
molecules and reduce their susceptibility to oxidation [18].

6 Future research directions

6.1 Effects of variations in material
properties

In existing research, one study usually focuses on a single
type of asphalt and NS, where NS concentrations are inves-
tigated but effects of variations in material properties are
neglected, which hinders practical applications. In these
studies, similar NS was used with particle dimension of
smaller than 30 nm and the purity over 99%, where effects of
morphology, purity, and particle size are ignored. Therefore, an
opportunity for further research is effects of variations in prop-
erties of asphalt binders and NS on the modification process.
Since high-quality NS is not always affordable, such research is
meaningful to reduce the cost of NS-modified asphalt and
achieve industrialization.

6.2 Optimization of blending procedures by
quantitative approaches

Insufficient blending causes partially inferior material per-
formance, while excessive blending wastes time and energy
and causes asphalt aging. In existing research, blending
status is empirically evaluated by SEM or FTIR tests, where
quantitative approaches are still unavailable. Quantitative
approaches are necessary to objectively evaluate the distri-
bution of NS in asphalt binders and hence to determine
reasonable blending temperature, shearing speed, and
blending duration. After that, standards may be estab-
lished to guide industrial production.

6.3 Comparison among conventional and
rheological indicators

Different evaluating systems have been applied to describe a
single behavior of asphalt binders, for example, low-temperature

cracking of mixtures may be predicted by ductility, DSR
tests, frequency sweep tests, etc. Different, even contrary
conclusions have been drawn about the effects of NS on
asphalt binders. Therefore, an opportunity for further
research is evaluating the effectiveness of conventional
and rheological indicators by laboratorial and field tests
on asphalt mixtures.

6.4 Evaluation on NS-modified asphalt under
updated standards and techniques

With the development of research and techniques, the spe-
cifications for asphalt testing and characterization have
been constantly updated, and these updated standards
and techniques should be applied to NS-modified asphalt
binders. For example, in existing studies, the MSCR tests
have been conducted as per ASTM D7405 and AASHTO
TP70, while updated standards have been available (i.e.,
AASHTO T 350 for MSCR tests and AASHTO M 322 for
asphalt grading). An updated standard (AASHTO M 322)
has also been available for the PG grading of asphalt since
2020. However, such updated standards have seldom been
used in the characterization of NS-modified asphalt. Several
new indicators, e.g., Glover-Rowe parameter and ΔTc, have
seldom been used in studies about NS-modified asphalt,
leaving an opportunity for future research.

7 Conclusion

In this study, a literature review was conducted on the
modification effects of NS additives on asphalt binders,
where basic morphological and physical properties of NS
particles were first introduced. Blending procedures for NS
and binders were presented and compared. The modifica-
tion effects were evaluated by conventional test methods
and rheological ones in the literature and the results were
extensively reviewed and compared. According to the
results, the following conclusions may be drawn:
1) A large specific surface area is the base for the modifi-

cation effects of NS on asphalt binders. The particle
dimension is usually smaller than 30 nm and the purity
over 99%, leading to a specific surface area of over 100
m2/g.

2) The blending procedure varies among studies due to a
lack of specific standards. It ranges from 130 to 185℃ in
temperature, 1,500–6,100 rpm in the shear speed, and
15–120min in the blending duration. Quantitative
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methods require further investigation to optimize the
blending procedure.

3) Consistent results suggest that the penetration and the
ductility would decrease as NS concentration rises, but
the softening point presents a contrasting trend. It
indicates the positive effects on high-temperature
performance and possible negative effects on low-tem-
perature performance. The storage stability of polymer-
modified asphalt binders may be improved by NS.

4) Viscosity of binders at 135℃ rises with NS concentration
according to DSR tests and would cause an obvious rise
in proper mixing and paving temperatures. The com-
plex modulus (G*) and rutting parameters (G*/sinδ) rise
with increasing NS concentration. Results from DSR tests
on aged samples andMSCR tests also support the improve-
ment in high-temperature performance. It may cause a
possible rise in the high pavement temperature of PG
grade.

5) Results from BBR tests suggest that NS would deterio-
rate the cracking resistance and low-temperature per-
formance of asphalt binders, and the low pavement
temperature in PG may also be negatively affected.
Therefore, NS may be improper for low-temperature
conditions.
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