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Abstract

Multidimensional nanomaterials, is aresource thathas been formed over time becoming a revolutionary technology with atranscendent
character providing the use in asphalt construction procedures, benefiting in the aspects of resistance in the environments to the field
of civil engineering, in the same way it is a way in the advance for a better conservation of horizontal works with a favorable impact on
the materials used, helping to preserve the care of the environment. In such a way that, in this article, a systematic review is reflected,
around the exhaustive research in the databases such as Scopus and Science Direct, compiling a sum of 85 articles, which are indexed
in journals from 2017 to 2021, carried out correspondingly on the different investigations of the management of multidimensional
nanomaterials in asphalts. The objective of this literary review is to transmit various research by authors such as: the impact on the life
cycle of asphalt, the performance it produces, the profitability and the advantage of the teaching that multidimensional nanomaterials
have left, to later show results that show a growth in yields in asphalts through the application of multidimensional nanomaterials,
So that it presents greater efficiency in the resistance to aging of the asphalt it is concluded that the nanomaterials reduce the

environmental impact caused by the field of the constructions, improving the anti-aging capacity of the asphalt.

Keywords

asphalt, multidimensional nanomaterials, environmental impact, resistance to aging

1 Introduction

Asphalt pavements are represented in high proportions
in the field of road engineering in the world. Therefore,
they must present excellent structural performances in the
diverse pavements that are usually related to the different
material properties, being something innovative the selec-
tion of the material for adequate structural performances
in the asphalt pavements. Therefore, the joints of the pave-
ment materials are in relation to the performance of the
asphalt pavements [1]. Thus, they are incessantly sub-
jected to the combinations of repetitive loads of vehicles,
in the same way the environmental loads that occur over
the years of services, causing cracking, furrow formation
and damage that is caused by water on the surface of the
asphalts. These forms of wear cause degradation in yields
and reducing the life cycle of asphalt pavement, causing
appreciable economic damage [2].

As time goes by, the various layers that can be found in
asphalts are exposed to high magnitudes of stresses, the
continuous effects of various climatic changes, the defor-
mation caused in the asphalt layer, the stiffness of the upper

asphalt layer and the relative displacement of the mineral
particle in the mixtures of the upper layer. Therefore, itis
interesting to use materials such as multidimensional
nanomaterials to modify or ultimately improve the behav-
ior of asphalt mixtures [3].

Because there is the phenomenon of aging that plays the
key role in the deterioration of the performance of asphalt
mixtures [4]. For this reason, in recent times, the various
multidimensional nanomaterials that have been applied
for the improvement of different material property. As are
those of nanometer size, making them promising additives
for the reinforcement of materials with good performance
in asphalt [5]. Modifications are essential to improve the
efficiency of asphalt mixtures and, to some extent, solve
problems of premature failure [6]. Therefore, the applica-
tion of multidimensional nanomaterials in pavement engi-
neering potentially improves asphalt mixtures, includ-
ing adhesion between asphalt binder cohesions, cracking
strengths, wetting strengths, rutting layer performances,
and layer interface bonds [7].
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Multidimensional nanomaterials are novel materials
that are renowned from considerable research, for which,
it is developed all over the world, they are defined as
microscale fillers being efficient as reinforcements of the
fillers, in such a way they show improvements in the prop-
erties of mechanical behavior of the asphalt mixtures [8].
Therefore, the uses of multidimensional nanomateri-
als in asphalt mix additive application have been made
to improve its performance against deformation, fatigue
cracking, thermal cracking, moisture damage and oxida-
tive aging [9].

Multidimensional nanomaterials are used as anti-ag-
ing composite modifiers to improve the performance of
asphalts [10]. Since the various roads that were paved with
different asphalt materials were experiencing deficiencies
in cracking, rutting, rutting, thrusting, etc., reducing the
service life and safety of the roads, increasing the cost of
rehabilitation and maintenance. Reducing the useful life
and safety of the roads, increasing the cost of rehabilita-
tion and maintenance [11].

The Scientific Committee on Emerging and Newly
Identified Health Risks (SCENIHR) specifies that multi-
dimensional nanomaterials are materials with an external
dimension, as well as internal structuring having one or
more types of dimensions in the range up to 100 nm, pre-
senting several characteristics that are innovative in com-
parisons of the same materials without characters at cer-
tain nanoscales [12]. Being efficient having a significant
effect on improving the properties of permanent deforma-
tions in bitumen and mixtures [13].

2 Methodology

In the presentation, literary review, different databases
such as Scopus and ScienceDirect were deepened, fully
detecting a sum of 85 articles that are indexed: 14 are
from 2021, 22 from 2020, 36 from 2019, 9 from 2018 and 4
from 2017. The keywords that were used for the localiza-
tion of articles are the following: asphalt modified nano-
materials and multidimensional nanomaterials. For a bet-
ter extension of the search method in Table 1, the selected
articles are shown, correlation to their years of publication
and database.

For an adequate location in relation to the articles to
be used, the distribution of various keywords in relation
to the topic to be investigated is indispensable, therefore,
the different filters are found since 2017 of the area to be
investigated.

Table 2 shows the various search characters, in rela-
tion to the databases, resulting in the number of articles
selected by keywords.

After the articles, a log was elaborated in which the data-
bases, titles, year of dissemination, names of authors, DOI,
journal are mentioned, for which, the research becomes
organized.

3 Results and discussions
This article was adopted by disclosures of various studies
with respect to the approaches presented by each author, in

Table 1 Manifest of selected articles, correlated to their years of

publication and database (Source: Own elaboration)

For this reason, multidimensional nanomaterials are Year of publication Database' . Sub Total
used for the improvement of the rheological property and Scopus ScienceDirect
borehole fluid losses in relation to the water bases of the 2017 ! 3 4
asphalt material, however, multidimensional nanomate- 2018 2 7 9
rials not only cause an improvement in the property of 2019 12 24 36
asphalts, but also greatly help the anti-UV aging perfor- 2020 20 2 22
mance of asphalts, showing a high resistance to cracking 2021 12 2 14
at low temperature [14]. Total 47 38 8

Table 2 Various search characters (Source: Own elaboration)
Database Keyword Unfiltered search Years of filtered Themgtlc Area Filter Results Sele;cted
results search Filters articles
Scopus asphalt and mod}ﬁed and 110 20172021 Eng:meern.lg, 7 47
nanomaterials materials Science
asphalt mod.lﬁed 656 2017-2021 Eng‘meern?g, 33 23
nanomaterials materials Science
ScienceDirect . . - .
multidimensional 2443 20172021 Engineering, 775 15

nanomaterials

materials Science




order to exchange positions on the use of multidimensional
nanomaterials in asphalt with the intention of improving
its resistance.

3.1 What are multidimensional nanomaterials?

In 1994, the Society for Materials Research (SIM) pro-
posed terminology for multidimensional nanomaterials
in engineering. They were used in various asphalts with
unusual material characteristics, such as susceptibilities
to wetting, high and low temperature properties and pave-
ment durability [15]. Therefore, in recent years, several
studies have been carried out on the modifications of the
asphalt mixture applied in various multidimensional nano-
materials. This has led to improvements in the performance
properties of asphalt mixtures, such as their resistance to
deformation and fatigue [16]. There are different types of
multidimensional nanomaterials, among them we have the
inorganic ones which are common, they are layered sili-
cates, we also have the inorganic nanoparticles, which have
attracted great attention due to their effect of superior mod-
ifications of asphaltic binders and their excellent stabilities
to high temperatures and ultraviolet rays [17].

Therefore, multidimensional nanomaterials exhibit
diverse properties that are innovative and acceptable due to
their large surface areas and small sizes. Making it possi-
ble for nanomaterials to be used in various pavements [18].
Resulting with high ductilities, large surface areas, high
deformation resistances and low electrical resistivities.
Due to these unique characteristics, the application of
multidimensional nanomaterials is very wide demon-
strating that the addition remarkably improves the perfor-
mance properties of the asphalt material [19]. Therefore,
modification of asphalt binders by various modifiers is an
effective method favoring roads in the future, this leads
to multidimensional nanomaterials increase their tensile
strength by 10 °C, indicating that it improves the perfor-
mances at low temperatures [20].

Multidimensional nanomaterials refer to a material
with a size between 1-100 nanometers (1 nm = 10~ m)
in at least one dimension, the properties of multidimen-
sional nanomaterials are very different from those of nor-
mal sized materials [21]. They are classified into three
types with one nanometer dimension: as zero to two-di-
mensional, being zinc oxides (ZnO), titanium (TiO2),
inorganic nanoparticles, silica oxides (SiO2), iron oxides
(Fe203), etc., being typical zero-dimensional materi-
als, which help to reflect ultraviolet (UV) radiation [22].
Two-dimensional nanomaterials such as expanded organic
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vermiculite (OEVMT) are used to improve the aging
resistance of asphalts due to photoxidation and thermal
oxidation [10]. Therefore, multidimensional nanomaterials
have recently attracted considerable attention due to their
small sizes and large surface areas, which can have long-
term effects on the performance of various pavements.
Multidimensional nanomaterials can be used to develop
new pavement materials that can withstand traffic loads
and environmental conditions [23]. Similarly, the addition
of multidimensional nanomaterials to polymeric bitumen
increases viscosity, stiffness, and improved shear param-
eters [24]. For this reason, the use of multidimensional
nanomaterials is being applied in taking advantage of the
improvement of various pavement properties of asphalt
binder in relation to the large area of their surfaces that are
specific, high surface energy and acceptable capacity in
dispersions. However, they have shown that the modifica-
tion effects are limited when they are used [25].

3.2 Effect of the yield of the mechanical properties of
multidimensional nanomaterials in the asphalt mixture
In recent years, more and more multidimensional nanoma-
terials are being used to modify the properties of the asphalt
binder, including nanoclay, nano silicon dioxide, carbon
nanofibers (NNFc), nanofibers (NNF), carbon nanotubes
(NTC), etc. NTCs exhibit excellent mechanical properties
in which Young’s moduli reach approximately 1000GPa
and tensile strengths reach 150 GPa, this is to be subjected
to multidimensional nanomaterial diameters. The NTCs
also have remarkable electrical and thermal conductiv-
ities; being attractive to the modification of asphalts and
appear to be promising material additive for performance
enhancements in building and structural materials [26].

Table 3 shows different nanoparticles with their effects
on performance [27].

In Fig. 1, a flow of the materials approach involving
nanomaterials in research can be shown [28].

3.3 Consequences of asphalts without multidimensional
nanomaterials

One of the several most concurrent damages in the asphalt
mixture is caused by destructive occasions by wetting on
the asphalt binder cohesions and asphalt-aggregate binder
adhesions, which are called wetting damages [29]. Also,
thermal sensitivities of asphalt mixture are important
problems, since asphalts contain bitumen that are sensi-
tive and susceptible to heat, for these reasons, multidimen-
sional nanomaterials are part of families of additives for
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Table 3 shows different nanoparticles with their effects on performance [27]

Nanomodifications Effect on yields
Binder sample
Nanoparticle Percentages Positive Negative
1%; 3%; 5% PG 58-28; PG 64-28 Permanent deformations -
Nanoclays
2%; 4% PG 58-34 Permanent deformations; rigidity Sensitivities to water
4% 35/50 Marshall Stability -
4% PG 76 Sensitivities to' water} Pe?manent )
deformations; rigidity
Nanosilicans 4 o
4%; 6% PG 58-34 y ABS Permanent deformations; Rigidities -
2% 60/70 'y 5% SBS _ Marshall Stability; ;
stiffness; water sensitivities
Montmorillonite modified 2% PG 58-28 Sensitivities to water Indirect tensile strengths
with polysiloxane 2%; 4% PG 58-34 Stiffness; permanent deformations Sensitivities to water
2%; 4% 7% 60/70 Stiffness; water sensitivities -
6% 40/60 Permanen.t d e‘ff)rma‘t 1ons; water Fatigue life
sensitivities; rigidity
Sensitivities to water; Fatigue
0, = 4 -
3% PG 58-22 life; stiffness, permanent deformations
Organophilic 1.50% PG 58-10y 6% SBS Sensitivities to water; Rigidities -
montmorillonite 2% 3.5%; 5% 50/70 Marshall Stability; permanent Tensile strenth at 15 °C
Tipo A deformations; tensile strength at 25 °C &
2%; 3.5%; 5% Marshall Stability; Permanent . o
Tipo B 30770 deformations; Tensile strength at 25 °C Tensile strengths at 15 °C
0/ . 0/ . 50, . .
2%; 3.5%; 5% 50/70 Permanent deformations Indirect tensile strength at

Tipo C

15 °C and 25 °C.

¥ ¥ Y N
Carbon nanomaterials (single- Plasteizer (complex
walled carbon nanotubes, multi- mixture of hydrocarbons Bitumen feather 100 - 130 Polymer SBS
walled carbon nanotubes, P803 of the paraffinic ) 30L-01
»

technical carbon) naphtheric and aromatic

series)
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Y
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Fig. 1 The flowchart of the research approach [28]

Conclusion



improving the property of hot asphalts in terms of ther-
mal sensitivities. According to studies, multidimensional
nanomaterials composed of nano-silica are materials that
improve the properties of bitumens and asphalt mixtures
in the hot state [30].

Similarly, aging is the main factor responsible for prob-
lems in asphalt pavement, whereby, pavements do not per-
form well due to the deterioration of the internal structure
of the material and environmental effects. Since 2000, dif-
ferent multidimensional nanomaterials have been used for
better resistance to aging which results in a hard and brit-
tle binder, thus decreasing its durability [31]. Therefore,
asphalt, aged when exposed to heating, oxygen and solar
radiations encountered during pavement constructions or
service phases. Aged asphalt binders become more rigid
and brittle, losing their adhesions in the aggregate, giv-
ing rise to major problems in pavements, such as fatigue,
cracking and wetting, which seriously compromise pave-
ment performance and shorten pavement lifetimes [22].

Similarly, due to the increase of populations, the
improvement of mobility and the development of econ-
omies worldwide over the years, road traffic and vehicle
loads that are supporting the different roads in the world
are increasing considerably, climatic changes and ecologi-
cal deterioration have caused fluctuations in temperatures
over the years. Therefore, these circumstances have given
rise to the needs for the exploitation of bituminous mate-
rials for the reinforcements of the mechanical responses
of road surfaces, thus avoiding pavement degradations
and guaranteeing longer service lives in service condi-
tions [32]. Thus, it has been defined that asphalt aging
occurs mainly in two different stages. The first stage is
the mixing, spreading and rolling processes, accompanied
by transport, storage, heating and mixing of hot aggre-
gates, which causes the effect of short-term aging. The
second stage mainly refers to the service stages of pave-
ments, which are vulnerable to the impact of natural envi-
ronments and climatic changes and, therefore, produce the
effect of long-term aging [33].

Likewise, thermal or low temperature cracking is
a recurrent problem in asphalt pavement, which originates
in regions with cold climates exerting detrimental effects
on the qualities and life of pavements, for which reason,
it is sought to use agents for their rehabilitation with the
options of having longer life cycles [34]. Similarly, ther-
mal cracking causes accelerations in fatigue propagation
of the asphalt mixture under traffic loading. The most
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important pavement cracks are caused by the cold weather
that extends day by day due to the passage of vehicles;
crack creations and expansions that require premature and
early repair [35].

The main contribution of greenhouse gas emissions,
are longer transport distances, long construction seasons,
with which the minimization of oxidative hardening of
asphalt and the improvement of the workability of asphalt
mixtures that can be given by nanomaterial technologies
is sought [36]. To solve this problem the use as are mul-
tidimensional nanomaterials researchers have used being
compatible with asphalt having great benefits [37].

3.4 Incidences of multidimensional nanomaterials on
asphalt

Asphalt performance characteristics can be improved
using multidimensional nanomaterials, such as additives
in asphalt binder performance characteristics; decreasing
fatigue and long-term aging, it can lead to an optimal 8%
improvement in asphalt binder performance [38].

Asphalt pavement material designs are evolving in the
directions of durability, performance and low energy con-
sumption. The developments of high-performance asphalt
materials with the concepts of long-life pavement designs.
They enable the requirement of modified asphalt binder
applications in pavement of high grades, have attracted
wide attentions. The most widely used asphalt binder mod-
ifiers, such as heats mixes, bio-oil, geopolymers, metal par-
ticle rejuvenators, soybean derivatives, recycled bitumens,
PET (polyethylene terephthalate) residue, steel slag, etc.
modifiers or fillers to obtain excellent asphalt mixtures [39].

Table 4 shows the advantage and disadvantage of multi-
dimensional nanomaterials [40].

The rejuvenator with multidimensional nanomaterials
can be kept in a microcapsule during the first years of the
pavement’s service life. When microcracks appear, the
load on the microcapsule causes it to rupture. As a result,
the rejuvenator is released in the vicinity of the microc-
racks, improving the properties of the binder in that area,
and increasing its self-healing properties [41]. Therefore,
it is defined that these multidimensional nanomaterials can
modify the internal structure of asphalt and improve its
properties at high temperatures, increasing the resistance
to plastic deformations and elasticities, as well as favoring
other properties such as electrical conductivity [42].

Table 5 shows the nanomaterials in relation to the rec-
ommended content for use in modified asphalt.
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Table 4 Advantages and disadvantages of multidimensional nanomaterials [40]

Techniques Advantage

Disadvantage

Improved properties at high

Improved fatigue properties

Improvements in low temperature yields in certain nanomaterials

Nanomaterials
multidimensionals

Improvements in low temperature yields in certain nanomaterials

High cost

Reduced performance at low temperature for some
nanomaterials

They are simply added

Specific segregations

Reductions in moisture damage to asphalts -

Reductions in microcracks

Improvements in resistance to aging

Improvements of adhesive joints

Table 5 Multidimensional nanomaterials in relation to the

recommendation volume for use in modified asphalt [19]

Asphalt Nanomaterial Volume
PG 58-34 Nano-SiO2 6.00%
PG 76 Nano-SiO2 4.00%
60/70 binder Nano-SiO2 2.00%
PG 58-28 Nano-Clay 1.50%
60/70 bitumen carbon nanotubes 1.20%
PG 70-22 nanofibrous carbon 4.0-12.0%
60/70 grade carbon nanotubes 1.00%
PG 58-28 Nano-Clay 8.00%
70/100 binder carbon nanotubes >0.5%
AH 90 asphalt Nano-ZnO 0.25%
PG 64-22 carbon nanotubes 1.00%
Eg gjfé’ PG 52-28; Nano-Carbon 1.50%

3.5 Disadvantages of multidimensional nanomaterials
in asphalts

Multidimensional nanomaterials are extensively used in
the preparation of modified asphalts because they improve
the high-temperature performance of asphalts and have
achieved fruitful results in civil engineering. However,
they have focused primarily on materials analyses and
formulations developments of nanomodified asphalts.
In China, two structural models have been established
for various nanomodified asphalt pavements with respect
to the specifications that exist today. Various impacts of
pavement thickness, material types and pavement design
variables were analyzed in response to the mechanical
performance of nanomodified asphalt pavements, thus
adopting the principles of optimal mechanical perfor-
mance and proposing the optimal combinations of nano-
modified asphalt pavement structures [43].

3.6 Types of multidimensional nanomaterials in
asphalts

Multidimensional nanomaterials composed of nano-TiO2
and nano-ZnO exhibit fatigue resistance due to improved
cohesion and adhesion in asphalt binder and aggregate
systems [44]. To combat the problems in asphalt concrete
pavements, modifications of their asphalt binders are nec-
essary and result in improved oxidative aging properties,
increased resistance to rutting effects, and improved rheo-
logical properties of asphalt mixtures [45]. However, nano-
TiO2 has the potentialities to promote photocatalytic and
self-cleaning properties, being proportions of multifunc-
tional effect and benefit when pavements are subjected to
high solar irradiations [46]. Also, nano-ZnO yields improved
aging resistance. Nano-ZnO particles in rod forms can
increase the softening points of asphalts and reduce the
penetrations (25°C), which have positive effects on the
ductility (5°C), but when the contents are 3%, the ductility
of asphalts will be affected. Therefore, nano-ZnO in rods
significantly improve the UV resistances of asphalts [47].

In Table 6, properties of the multidimensional ZnO
nanomaterial.

The multidimensional nanomaterial such as nano-ben-
tonite, nano-hydrated lime (NCH), nano-silica and nano-
CaCO3. With 20% hydrated lime fillers and 4% nano-hy-
drated lime to the binders, the resistance value of the

Table 6 Properties of the multidimensional nanomaterial ZnO [18]

Property Value

verage particle size 30 nm

Surface S0m?=g
Morphology Almost spherical
Color Milky white
Specific gravity (true) "5.506 g =cm®




mixtures increases up to 60% [48]. Similarly, multidi-
mensional nanomaterials, composed of nano-Bentonite
and ZycoTherm, result in potentially improved high tem-
perature susceptibility strengths, storage stabilities, rhe-
ological properties of asphalt binder samples and slightly
improved with nanomodification [49].

Table 7 shows the properties of the nanomaterial NCH
Table 8 shows the chemical composition of the nano lime.

Multidimensional carbon-based nanomaterials. One of
the most common types of these composites has been car-
bon nanotubes (CTNs). It has also been shown that the
incorporation of CTNs reduces the permanent fatigue and
degradation of asphalt mixtures, improving resistance to
thermal cracking and reducing aging [50]. Similarly, nano-
materials composed of nano-montmorillonite (NMMT)
and nano silicon dioxide (NDS) show superior perfor-
mance in pavement rutting [51].

Multidimensional nanomaterials consisting of lay-
ered silicates and non-organic nanoparticles are promis-
ing agents to combat aging of styrene-butadiene-styrene
modified asphalt binder. Such multidimensional nanoma-
terials allow increasing the strength by increasing their
elastic resilience and decreasing the flow viscosity [52].

Multidimensional nanomaterials composed of surface-
modified zinc nano-oxide (nano-ZnO) and expanded
organic vermiculite (EOV) improve shear deformation
resistance, as well as thermal aging resistance [53].

Multidimensional nanomaterials of carbons act as
effective modifiers of bitumens due to their stiffness and
strength. Thus, nanofibrous carbons (CNF) were prepared
from chrome-tanned polishing powders (these are solid
wastes generated by the leather industry) with due care
to avoid oxidations, additions of nanomaterials with bitu-
mens cause particle-particle collisions due to the strong
diffusion characteristic leading to high degrees of agglom-
erations in bitumen blends. Therefore, another objective

Table 7 Properties of the nanomaterial NCH [34]

Mufioz Perez et al.
Period. Polytech. Civ. Eng., 66(4), pp. 999-1013, 2022 | II 005

of the studies is also to achieve suitable mixtures of NFC
and bitumens compared to the mixtures using the heating
method by conventional methods and/or microwaves [54].

The use of different multidimensional nanomaterials,
with the inclusion of nanoclay (bentonites and halloysites)
as well as cellulose nanocrystals, is an alternative of great
potential for the improvement of various characteristics of
asphalt and the extension of the useful life of the asphalt
pavement. They are remarkable in taking advantage of
the high temperature property of modified asphalt mix-
tures, as well as taking into account the costs of multi-
dimensional nanomaterials and are cost-effective alterna-
tives for asphalt modifications [55].

Modification by means of multidimensional nanomate-
rials has led to significant increases in several properties
of asphalts. However, over the course of the service life,
oxidations come to affect the contributions of the already
modified asphalt and subsequently originate divergences
from the desired ones. The most important property that
has been affected due to oxidation is the adhesive charac-
teristic of the asphalt that is improved. Describing as mul-
tidimensional nanomaterial having at least one dimension
between 1 and 100 nm. With characteristic that presents
nanoparticle with different conventional material due to
higher proportions between surfaces, volumes and sheet
of nanometer dimension [56].

In addition, the use of multidimensional nanomateri-
als in improving different characteristics of asphalts has
been found to be advantageous. Carbon nanotube (CNT)-
modified asphalt with the addition of 0.5%, 1.0% and 1.5%
increases the resistance to moisture damage, 1.0% and
1.5% CNT, respectively, outperformed the combination of
the corresponding polymer-modified asphalts. However,
the possibilities of multidimensional nanomaterials in
the fields of pavement engineering still require in-depth

Table 8 Chemical compounds of the multidimensional nanomaterial

nano lime [44]

Properties NCH Composition Nano lime (%)
Structure Hexagonal MgO 6.32
Particle shapes Cubic CaO 86.44
Refractive index 1.1-1.5 AI203 1.15
Specific gravity (gr/cm?) 2.24 Si02 2.26
Specific surface (m?gr) 16 Na20 0.23
Average particle size (nm) 2= Fe203 0.35
Water content (%) 0.75 < TiO2 0.04
Bulk specific gravity 0.5-0.6 MnO 0.11

pH 12.4 K20 0.17
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evaluations of several unexplored characteristics. One of
them is the resistance to wetting attacks, which are very
complicated issues [57].

Nanomodifiers improve the characteristics of substrates
characteristic of the substrate compared to their macro-
and micro-sized counterparts. Multidimensional nano-
materials possess incredible characteristics, which make
them suitable as additives in asphalt [58]. The optimum
ratio of the modified asphalt is characterized by optimum
performances, the asphalt modified by Nano-CaCO3/
nano-ZnO/SBR compound with 6% in the mixture reduc-
ing asphalt aging and viscosity. Similarly, the complex
shear modulus increases by 24.1% at 82°C, the stiffness
modulus decreases on average by 21.1% [59].

Multidimensional nanomaterials have great potentials
for the improvement of the performance of base asphal-
tic binders. The applications of nano-Ti02/CaCO3 in bitu-
men with different dosages. Optimal viscosity is obtained,
similarly, a reasonable dosage of nano-Ti02/CaCO3 of
5% by weight of the base bitumen was recommended for
the mechanical properties to be improved by reducing the
temperature sensitivity of bitumen [60].

Damage caused by wetting and aging results in joint
damage to asphalt binders during service life and is there-
fore quite difficult to overcome. The applications of crumb
rubbers, for the best behaviors of the asphalt material,
therefore, the use of these multidimensional nanomateri-
als such as CNTs are mixed in different percentages, 0.5%,
1% and 1.5%. With weights, any type of doses is recom-
mended, ranging from 0.5 to 1.5% by weight, revealing
an effective technique for the development of temperature
performance of asphalt binders, significantly improving
the asphalts to overcome the damage caused by moisture
and aging due to exposure to outdoor environments as
paving materials [61].

Nano-silica increases the shear modulus and viscosities
of asphalt, due to which it increases the anti-aging per-
formance, unfavorable fatigue cracking behavior, rutting
resistance and anti-abrasion characteristics of asphalts.
The additions of 1 to 2% of nano-silica to the asphalt mix
allow to reduce the penetration capacities and the flexibil-
ities. Moreover, nano-silica (NS) has gained great atten-
tion from researchers in the pavement for the elaboration
of asphalt mixtures with the fruitful properties due to the
stability it offers [62].

Multidimensional nanomaterials that are not organic,
such as nano-SiO2 nano-ZnO, nano-TiO2 and nano-
CaCO3 are added to asphalts as modifications Nano-
TiO2 can improve the fatigue strengths and increase the

viscosities of asphalts. Nano-TiO2 can strengthen the
bonds between asphalts and aggregates. Nano-CaCO3 can
reduce the contact angles of asphalts and improve the wet-
tability of asphalts and aggressiveness. In addition, nano-
Si02 can effectively improve the performance of asphalts
at elevated temperatures. Nano-TiO2 and nano-SiO2 can
improve hardness and viscosity properties by an average
of 30% and 109%, respectively. Although inorganic nano-
materials can develop some of the properties of asphalts, in
order for the changes to be diverse, they can also improve
the properties of asphalts [63].

Nanoclays are layered mineral silicate nanoparticles,
nanoclays are grouped as bentonites, montmorillonites,
kaolinites, etc. Nanoclays are most popular multidimen-
sional nanomaterials for making polymer nanocompos-
ites because of their low costs of productions, their abun-
dances in natures, such as their small amount needed
0.5%, 1% and 2%; for modifications of asphalt binders and
inherent characteristic, they can give improvements in the
rheological property of asphalt binders, such as increasing
complex moduli and decreases in phase angles of asphalt
binders [64].

Nanosilica is generally used to prepare the mixture of
polymeric nanocomposite to the large reactions in silica
materials and binders of asphalts, in which the optimum
contents of nanosilica are 6% in asphalt binders results in
higher dispersions of nanosilica and polymers in bitumen
mixtures relative to other multidimensional nanomate-
rial [65]. Nanosilicas in asphalt improves the overall per-
formances of asphalt binders for satisfying the multifunc-
tional requirements of asphalt pavements [66].

Nanosilica such as nanoclay, nanosilica, hydrated nano-
calcite, nanoscale plastic powder, nanofibers and nano-
tubes are some of these materials which with different per-
centages of (0, 0.2, 0.4, 0.4, 0.7 and 0.9%) Can improve the
rheological characteristics of the binder, causing improve-
ments in mix resistances against wetting, rutting and
fatigue damage [67].

Multidimensional nanomaterials are used in asphalt
binder in order to increase the behaviors and temperature
susceptibilities of asphalt pavements. Suitable concen-
trations of multidimensional nanomaterials can help con-
tinuous phases during binder modifications [68]. To this
end, hydrated lime as a nanomaterial could effectively
improve moisture susceptibility in asphalts. The effect of
Zycosoil nanomaterial on the properties of dry process
asphalt mixture with three dosages (0.25%, 0.50% and
0.75%), they found that Zycosoil could improve moisture
susceptibility [69].



For asphalt durability improvement, there are three
types of multidimensional nanomaterials in the fields of
retardants. The first is zero-dimensional nanomaterials,
which have three dimensions on the nanometer scales, such
as oligosilicon and spherical silica nanoparticle. The sec-
ond are one-dimensional nanomaterials, in which two
dimensions of the dispersed phases are of nanometer sizes,
such as carbon nanotube. The third are layered nanomate-
rial, which has only one dimension of nanometer sizes and
the typical layered material are montmorillonites, graphite
oxide nanomaterials, layered metal hydroxides [70].

Multidimensional nanomaterials such as nanoclays,
nanosilicas, nanocalcites, carbon nanotube and graphite
nanoplatelet are used in asphalt binder and asphalt mixtures.
The nanomodified material show significant improvement
in mechanical and thermal property. It is observed that 2%
of nanoclays (in masses of binders) improve the moduli of
shear complexes by 184%. The uses of hydrated nano-lime
can reduce by 75% in order to increase the resistance capa-
bilities of the asphalt mix to moisture attack. The incor-
porations of 2-4% of multidimensional nanomaterial
(in asphalt binder masses) significantly increase the rutting
resistance capabilities in asphalt mixture [71].

The uses of multidimensional nanomaterials produce
larger surface areas and higher catalytic effects that can
be directly or indirectly attributed to a smaller dimension.
The physical and chemical characteristic of the nanome-
ter dimension particle are different from that of tradi-
tional material, mainly because of the higher proportions
between the surface areas, volumes and quantum effects
produced by special confinements. Types of multidimen-
sional nanomaterials, such as nanoclays, zinc nanooxides,
nanochalcone, and carbon nanotube (CNT), in certain per-
centages as CNT contents vary at 0%, 0.4%, 0.75%, 1.5%
and 2.25% by weight of the control binders, have attracted
the attention of research societies in recent years for their
capabilities to enhance the different rheological character-
istic of asphalt binders. Among the various multidimen-
sional nanomaterials, NTC have received considerable
attentions due to their excellent aspect ratios in mechani-
cal and thermal property [72].

The multidimensional nanomaterial Zycosoil with
three dosages (0.25%, 0.50% and 0.75%) on the perfor-
mance in asphalt mixture improves the ability to resist
moisture and reduction of gases produced by vehicles.
Several researchers have found that some liquid antistrip-
ping agents can significantly improve the moisture resis-
tance of virgin asphalts or warm mixes [73]. The pollution
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of the environment is becoming more and more serious,
and the ways to control pollution from vehicle exhaust gas
emissions are causing significant problems worldwide.
Multiple research have been carried out to explore mate-
rials capable of degrading NO2, and it was found that,
as photocatalytic materials, certain nanoparticles such as
nano-TiO2 with different contents (0%, 1%, 2%, 5%, 10%),
can undergo redox reactions under irradiation. Several cit-
ies worldwide have carried out research and engineering
applications with instructive results [74].

In Japan, they built highways using the pore structures
of road surfaces to load TiO2 powders to obtain the effects
of photocatalytic decays of automobile exhaust gases.
In Italy, they evaluated the effects of photocatalytic degra-
dations of nano-TiO2 and placed test sections of 7000 m?
in the form of coatings. The Municipal Park of Antwerp
in Belgium built sidewalks of about 10,000 m? with nano-
TiO2 cementitious bricks. In Guerville, France, nano-TiO2
was sprayed on the walls of three buildings for studies of
their NO2 degradation in atmospheres. The various stud-
ies found that the cured cement samples showed good NO2
degradation in atmospheres under UV irradiation [75].

Asphalt pavements easily suffer from rutting due to high
temperatures and reductions in asphalt stiffness. Increased
bitumen viscosities play important roles in asphalt pave-
ment cracking at low temperatures. Additions of bitumen
modifiers are common approaches to improving pavement
properties. Numerous bitumen modifiers such as nanoma-
terials have many benefits in asphalts [76].

Multidimensional nanomaterial can repair the reduc-
tion in mechanical strength caused by rubber aggregates.
It can be confirmed that the pre-coatings of rubbers aggre-
gates with a few layers of cements pastes, asphalt mix-
ture with 50% mineral aggregate can effectively improve
the mechanical performances of Portland cement concrete
containing recycled rubbers aggregates, applying pre-
coated rubbers particles of cements to prepare concretes.
Pre-coating was found to improve compressive strengths
and reduce permeabilities [77].

The modification to bitumen is given due to its sensitiv-
ities to temperatures, high resistances, large surfaces, high
ductility, low electrical resistivities, and deformations,
multidimensional nanomaterials are added, in this case
NTCs, for which, the additions of 1. 5% additions of such
nanomaterial are optimal mixtures, resulting in delayed
elasticities, however if the additions were 3% of NTCs
would increase even more, likewise effectively improve
the performance of bitumen at high temperature [78].
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The physical and rheological properties of the asphalt
mixture influence pavement performances at low and high
ambient temperatures. Additions of modifiers, such as
nanoadditives, improve the performances of bitumen and
asphalt concrete mix [79]. Therefore, there is a wide range

nanomaterials, which are added to bitumen in mixtures
in order to increase the performance of asphalts, showing
that, in conditions with temperatures of 160°C, desirable
performances are obtained [80].

Table 9 strength results are shown for various types of

of additives, such as waste materials, multidimensional

multidimensional nanomaterials.

Table 9 Resistance results in relation to different types of multidimensional nanomaterials (Source: Own elaboration)

Types of nanomaterials

% additional

Nanomaterials in asphalt

Numerical value

Result

Ref.

Nanoclays

Nano Fe203

Montmorillonite
nanoclays

El Nano-SiO2

El nano-TiO2

Nano SiO2 y Nano TiO2

Carbon nanotubes

(NTC)

Graphene oxide (OG)
and rice husk ash (CCA)

OEVMT, nano-ZnO,
nano-TiO2 y nano-SiO2

Nano-Bentonite

Nanomaterial ZnO

Nano ZnO

NTC/ Polyethylene

1%, 3%, 5 % and
7 % in weigh.

0,1%, 0,4%, 0,8%
and 1,2%

1%, 2%, 3% and
4%

4%

0.5%, 3.0%, 6.0%
and 10,0%

1.2% and 0.9%.

0.5%—2%

0.075% and 10%

1% de OEVT and
3% ( nano-ZnO,
nano-TiO2 and

nano-SiO2 ),
respectively.

2 %, 4% and 6%

1%, 3% and 5%.

1%, 3%, 5% and
7%

2.5%—-4.0%

Optimum value of 5 % by weight.

The optimum value is between
0.8%.

3% montmorillonite, 4% of
nanoclays.

4% nano-SiO2 is considered the
optimal dose.

Optimal 5% and 10%.

Optimum percentage of 1.2%.

They were carried out with the
estimated values and did not
represent improvements in the
asphalt.

Both values are worked taking into
account that the particle size of OG
is less than 3 pm.

The appropriate correlation is 0.87

Optimum Binder Content 4.26%,
4.4%, 4.38%, respectively.

1% is not an effective ratio
and 5% is a much more effective
ratio for modifications.

It is within the deformation range:
50-200 p.

Optimum contents, binders with
1.0% NTC and 4.0% PE show
potential improvements in rolling
resistance.

Improves the high temperature resistance of asphalt
by 3.73% for a temperature of 76 °C.

As the percentages of Nano Fe203 increase, the
fracture toughness increases to reach its maximum
value at the percentage of 0.8%, achieving the
significant improvement of 32% in fracture toughness.

The mixes modified with 3% montmorillonite in the

performance in permanent deformations. Asphalts

modified with 4% nanoclays have improved rutting
resistance.

Improved UV aging. It can also solve the problem of
low temperature cracking.

0.5% TiO2 improves the fatigue resistance of asphalt,
and 10.0% improves the resistance to permanent
deformation.

The addition of 1.2% Nano SiO2 at 40 °C increases
the rutting strengths of the mixes by approximately
100% and also increases the fatigue life of the
bitumen samples by 50%.

NTCs are not resistant to compression. Therefore,

their hollow structures with high and thin walls in

relation to aspects, are sensitive to buckling when
loaded in axial compression.

Increase in compressive strength, at 3 days of 23.15%,
7 days of 18.19% and at 28 days of 17.67%.

Compared to SiO2 and TiO2, ZnO modified asphalts
with a correlation of 0.87 show higher adhesion and
lower Young's modulus of different aging patterns.

According to the specifications in the penetration test
(0.1 mm) results 61.0 60.0 57.7, respectively. And in
the softening point test (°C) according to ASTM D
36-06 specifications, the results are 52.9, 53.2, 54.7,

respectively.

The softening point is 49.9, 50.4 and 52.9,
respectively. Penetration index is -1.290, -0.899 and
-0.384, respectively. Specific gravity (g = cm’) is
0.842, 1.06 and 0.926, respectively.

The ductility increases by 141, >150, >150 and >150,
respectively; with respect to the AC Base (85/100)
which results in a ductility of 125; according to ASTM
D113-79 specifications).

CNT/PE additions lead to increased softening points,
decreased penetrations and higher binder ductility.

(81]

(82]

[13]

[14]

[46]

(83]

[84]

[85]

[10]

[49]

[18]

(9]

(5]
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Types of nanomaterials

% additional

Numerical value

Result

Ref.

Nanocal

Polyvinylpyrrolidone-
stabilized graphene
nanoparticles (NPsG
-PVP)

Nanoclay

Nano glass fiber

Silica nanoparticles
(NPS)

Nanoclay

Nano-ZnO

2%, 5% and 8%

0.5%, 1.0%, 1.5%
and 2.0%

1%, 2%, 3% and
4%

0.2-0.6%

0.5%

1%, 3% and 4%

1.0%-5.0%

Value of the optimum percentage
of nanomaterial is 8%.

The optimum recommended doses
of NPsG-PVP for the modification
of modified asphalts is 1.0% to
1.5%.

Optimum percentage value is 3%.

Optimum percentage of 0.6%.

Optimum percentage of 0.5%.

Optimum nanomaterial percentage
value is 4%.

Optimum nanomaterial percentage
value is 5%.

The free energy of cohesion for an asphalt binder

modified with nano lime is 31.78, 36.22 and 39.94

mJ/m2, respectively; having a higher free energy
of cohesion, making them resistant to crack fatigue
failure that can occur in asphalt binder membranes.

Exploits in rutting strengths and fatigue damage
tolerances of modified asphalts and low temperature
cracking performances.

The results indicate that the addition of nanoclays up
to 3% increases the permanent deformation resistance,
however, the addition of 4% is unfavorable, causing
a decrease in resistance due to the large spaces in the
binder particles.

Resulting in an increase in tensile modulus of 60 GPa,
with elongations of 3 to 4%, with elastic recoveries of
100%, thus improving fatigue strength and ductility.

The resistance to cracking and fatigue cracking of the
asphalt binder was 12, similarly, the fracture energies
at low temperatures and the ductility of the asphalt
binders increased by 205% after aging.

The addition of 4% nanoclay resulted in a 15%
increase in the modulus of rigidity.

When additions of 3.0% nano-ZnO in patterned
asphalts result in improved low-temperature ductility.

[44]

[32]

[13]

[62]

[75]

[27]

[63]

4 Conclusions
Multidimensional nanomaterials have been successfully
used in asphalts helping to predispose to an adequate risk
analysis and ideal conservation of resources that are in
overexploitation. Different types of mix design are made
in function of an adequate management to protect asphalts
that are damaged by the different climates caused by global
warming, becoming a magnificent tool in civil engineering.
The use of multidimensional nanomaterials is estimated
with high costs, however, the benefits they bring with them
make them effective. For asphalt mixtures, these nanoma-
terials in their different dimensions are beneficial, they
improve their properties generating a much longer useful
life for asphalts, as well as providing methods considered
valuable in the research of innovative materials.
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