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1. Introduction
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Moisture sensitivity of asphalt mixtures may cause damage due to cohesion in asphalt binder membrane and adhesion between
aggregate and asphalt binder that result in considerable damage to the pavements. Therefore, by determining the adhesion quality
in a modified aggregate-asphalt binder system, one can choose the suitable material compositions to decrease the moisture
sensitivity of mixtures. In this study, the effects of modified asphalt binder with carbon nanofiber and modified aggregates with
carbon nanotube on the moisture sensitivity of asphalt mixtures were simultaneously explored. For investigating the moisture
sensitivity, the indirect tensile strength test and surface free energy concept were implemented. The results of the indirect tensile
strength test revealed that modification of asphalt binder and aggregates with carbon nanofiber and carbon nanotube, respectively,
increased the indirect tensile strength and tensile strength ratio values of mixtures. The results of surface free energy indicated that
using carbon nanofiber and carbon nanotube enhanced the adhesion free energy of the aggregate-asphalt binder system.
Moreover, utilizing carbon nanofiber to modify asphalt binder enhanced the cohesion free energy values in the asphalt binder
membrane. Also, carbon nanofiber and carbon nanotube brought detachment energy of the system toward zero, indicating less
desire for the mixtures to be stripped. Generally, investigations performed by the two methods showed that covering aggregates by
carbon nanotube as well as utilizing carbon nanofiber as an asphalt binder modifier had a positive impact on decreasing moisture
sensitivity of asphalt mixtures.

apply any kind of additive for improving the primary en-
gineering properties and find an optimal and economical
solution [9, 10].

Moisture sensitivity improvement of asphalt mixtures has
always been one of the most significant concerns of re-
searchers in the field of pavement engineering science. With
the increasing advancement of science and impressive ex-
pansion of the use of nanomaterials and other additives in
various fields of civil engineering [1-4], pavement engineers
were also present in this scientific competition and made
extensive attempts to improve the performance of asphalt
mixtures [5-8]. In fact, researchers have always sought to

One of the significant typical damage types in asphalt
pavements is the damage caused by moisture. Moisture
results in weakening adhesion between aggregates and as-
phalt binder and separating them together. This damage is
generally called stripping, which can result in holes on the
road surfaces and traffic accidents [11-16]. Moisture sen-
sitivity can generally be classified into two categories, in-
cluding adhesion and cohesion losses. Adhesion loss
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happens when water is placed between the aggregates and
asphalt binder and separates the layer of asphalt binder from
the surface of aggregates. However, cohesion loss is the result
of changing the properties of asphalt binder due to its re-
lationship with water. The moisture sensitivity might be due
to each of these two reasons or a combination of both
[17, 18]. Cohesion free energy (CFE) and adhesion free
energy (AFE) represent the surface free energy (SFE) con-
cept [19].

One of the most commonly used methods for reducing
the moisture sensitivity in asphalt mixtures is the utilization
of antistripping materials to modify the properties of ag-
gregate [20-22] or asphalt binder [23-26]. In fact, for
obtaining good adhesion in an aggregate-asphalt binder
system, the surfaces of both should be changed using a
suitable additive in order to enhance the oil friendship and
hydrophobicity characteristics of aggregates and asphalt
binder cohesion [27, 28]. So, for obtaining higher perfor-
mance of asphalt mixtures to moisture, it is better to modify
the characteristics of asphalt binder and aggregates simul-
taneously. To this aim, the two additives of carbon nanofiber
(CNF) and carbon nanotube (CNT) have been used to
modify the characteristics of aggregates and asphalt binder,
respectively. Furthermore, the SFE method and indirect
tensile strength (ITS) test have been implemented. The main
reason for asphalt binder modification is the reduction of the
acidic properties and the increase in the nonpolar properties
of asphalt binder, which will result in improved adhesion in
the asphalt system. Moreover, the reason for modifying
aggregates with nanomaterials is to be able to reduce the
hydrophilicity of aggregates [29, 30].

CNTs are hydrophobic nanomaterials that have two-
dimensional hexagonal networks of carbons with a one-
direction connection for creating a hollow cylinder, which
results in hydrophobicity and oil friendship characteristics.
On the other hand, CFNs are nanomaterials with grapheme
layers tidied like cylinders. They can improve the charac-
teristics of asphalt binder due to hydrophobic properties
[31, 32], which are extensively used in various systems such
as composites. This is mainly due to their unique properties
as well as low cost. Research studies on using CNF can
present a beneficial guide for studying CNT mixing in ag-
gregates because of the resemblance of CNT and CNF.
However, CNT presents a higher surface-area-to-volume
ratio and aspect ratio [33, 34]. Briefly, the goals of this
research are conducting a classical asphalt binder test to
explore the physical properties of modified asphalt binder,
investigating the moisture performance of asphalt mixtures
by the ITS test, and evaluating the influence of CNF as an
asphalt binder modifier and CNT as an aggregate modifier
on the behavior of mixtures to moisture using SFE concept.

Many research studies have examined the effects of CNF,
CNT, and carbon fibers on the specifications of asphalt
mixtures. However, few studies have investigated the im-
pacts of these materials, especially CNF, on the moisture
sensitivity of asphalt mixtures.

Abtahi et al. [35] in their study stated that carbon fiber
might improve the tensile resistance of asphalt mixtures
due to its great tensile resistance. Khattak et al. [31] showed
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that CNF enhanced adhesion properties in the asphalt
system. It also increased the ITS value of mixtures. Ziari
etal. [36] explored the impact of CNT on the asphalt binder
performance and showed that CNT enhanced the softening
point and penetration index and decreased the penetration
of asphalt binder compared to the unmodified one. Park
et al. [37] indicated that the ITS amount of 0.5% and 1%
carbon fiber was less than the base sample, but 1.5% carbon
fiber had a higher ITS compared to the base sample. Gong
et al. [34] showed that CNT increased the softening point
and reduced the penetration of asphalt binder. Saltan et al.
[38] in their research showed that using CNT enhanced the
asphalt performance in moisture sensitivity. Yoo et al. [39]
investigated the effect of 0.5% and 1% carbon fiber and
0.5% CNT on the characteristics of asphalt mixtures. They
showed that using CNT had a greater impact on enhancing
ITS compared to using carbon fiber. The ITS amount of
carbon fiber was even less than or equal to the base sample.
Ameli et al. [40] showed that CNT increased penetration
index, ITS, and moisture resistance of asphalt mixtures.
Amini and Hayati [41] indicated that using 1.5% CNT
improved the ITS and tensile strength ratio (TSR) values of
asphalt samples.

Surface free energy (SFE) has been extensively explored
by researchers in asphalt pavements. In a study performed
by Kakar et al. [42], moisture sensitivity and SFE were
explored in asphalt binders which were modified using
surfactant-based materials. Results showed that SFE was
decreased by the mentioned additive. Sakanlou et al. [21]
reported that adhesion free energy of aggregate-asphalt
binder was reduced using hydrated lime. Hamedi [22] ex-
amined the impact of nanocoating on the aggregate surface
in exploring moisture damage, and results presented using
the SFE concept showed that the differences between AFE in
the presence of water and dry condition were decreased by
the use of nanoparticles and, therefore, the stripping phe-
nomenon was reduced. In another research conducted by
Hamedi et al. [43] by the use of SFE and thermodynamic
theories, the aggregate-asphalt binder adhesion and asphalt
binder membrane cohesion were evaluated by the utilization
of some antistripping materials under dry and wet condi-
tions. They reported that the AFE between asphalt binder
and acidic aggregates increased by the use of polar copol-
ymer material.

2. Experimental Design

In this study, a type of limestone aggregate and base asphalt
binder penetration grade 60/70 as well as antistripping
agents of CNT and CNF were used, where the process of the
research is indicated in Figure 1.

2.1. Aggregate. In the present study, limestone was applied,
the gradation of which was based on ASTM standard that the
maximum and nominal aggregate sizes are 1.9cm and
1.25 cm, respectively. The gradation structure is displayed in
Figure 2. Table 1 also illustrates the physical specifications of
aggregate.
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Providing aggregates, asphalt binder, and antistripping Conducting Marshal mix design to
agents (CNT and CNF) P determine the optimum asphalt binder
value
Calculating the SFE components of asphalt binder and Modification of asphalt binder and
aggregate using the sessile drop device and BET - aggregates with CNF and CNT
device, respectively respectively
Calculating the CFE, AFE, and detachment energy in Performing ITS test as well as softening
aggregates-asphalt binder system point and penetration tests
Exploring the influence of acquired factors on the moisture behavior of asphalt

FIGURE 1: The process of the research method.
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FIGURE 2: The gradation of aggregate used.

TaBLE 1: The physical specifications of aggregate.

Specifications Limestone Regulation limit Standard
Specific gravity (filler) 2.56 — ASTM D854
Specific gravity (fine aggregate)

Apparent 2.60 —

Bulk 2.57 — ASTM C128

Effective 2.56 —
Specific gravity (coarse aggregate)

Apparent 2.63 —

Bulk 2.61 — ASTM C127

Effective 2.60 —
Sodium sulfate soundness 2 Maximum 15 ASTM C88
Flat and elongated particles 88 Maximum 10 ASTM D5821
Maximum water absorption 0.8 Maximum 2 ASTM C127
Needle and flake particles 3 Maximum 15 ASTM D4791
Maximum Los Angeles abrasion 28 Maximum 30 ASTM C131

2.2. Asphalt Binder. Base asphalt binder penetration grade  2.3. Antistripping Additives. For exploring the influence of
60/70 was used in this research, and its classical tests  antistripping materials on the moisture sensitivity of asphalt
were conducted according to the ASTM standards to  mixtures, CNT additive was used as the cover for the base
determine the rheology characteristics of base asphalt  aggregates and CNF additive was utilized as the modifier of

binder. base asphalt binder.



2.4. Preparation of the Modified Aggregates and Asphalt
Binder. For covering the aggregates with CNT, the slurry
was first made by the addition of 1 unit of CNT to 10 and 20
units of water using a 200 rpm mixer for 4 minutes with a
homogeneous distribution of nanoparticles. The aggregates
were then purred to the slurry of nanomaterials and stirring
was proceeded at 120 rpm for 2 minutes until the whole
surface of aggregates was covered by slurry. Finally, the wet
aggregates were exposed for 24 hours to 110 degrees so that
their moisture content was evaporated and the aggregates
were coated by CNT. CNT was absorbed by the surface of
aggregates to the amount of 1.3 and 2.4 weight percent. Also,
in order to modify the asphalt binder characteristics, CNF
was used so that one could investigate the impact of the
simultaneous modification of asphalt binder and aggregates
on their adhesion and cohesion characteristics. Firstly, in
order to mix 1% and 2% CNF as an asphalt binder modifier,
the asphalt binder was heated to 150 degrees and slowly
poured into the mixing bowl at 12000 rpm, and the mix
operation proceeded for 20 minutes. Moreover, in this study,
based on AASHTO T245, the Marshall mix design was
applied for the specification of the optimum asphalt binder
[44], according to the mean amounts of three various asphalt
binders based on 4% air voids and the greatest specific
gravity and Marshall strength. The optimal asphalt binder
percentage was measured by 4.9%.

3. Tests

3.1. Exploration of Physical Properties. In order to investigate
the physical properties of modified and unmodified asphalt
binders, the softening point and penetration tests were
performed according to ASTM D36 and ASTM D5, re-
spectively [45, 46]. The classical test results were used to
determine the penetration index (PI), which is considered as
an asphalt sensitivity measure to variation of temperature
[47] and is described as equation (1) as a function of pen-
etration degree and softening point of asphalt mixtures.

20 -500X _log 800 —log P

, 1
1+50X Tes — ¢ )

in which Typ represents softening point and P illustrates
penetration at t degree.

3.2. ITS Test. ITS test was performed in this research to
examine the moisture behavior of asphalt due to using
antistripping additives, in accordance with AASHTO T283.
So, mixtures were first saturated with water for 5 minutes in
order to simulate wet conditions. They were then kept for
5-10 minutes without vacuum and in submerged conditions.
After they got saturated, they were stored for 16 hours in a
freezer at —18 degrees. They were then held in a water bath
for 24 hours at 60 degrees and then were returned to a place
with 25 degrees and were held for 24 hours at the same
degree. The load was recorded for performing ITS test until
rupture and the amount of ITS (kPa) was measured [48, 49]:
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s = 2P (2)
tnd
where d represents the mixture diameter (m), P presents the
rupture force (kN), and ¢ presents the mixture thickness (m).
The wet-to-dry tensile strength ratio for investigation of the
moisture sensitivity of mixtures was measured [50, 51]:

ITS
TSR — wet

x 100, (3)
dry

where ITS, ., and ITSy,, present the mean amount of ITS
under wet and dry conditions, respectively (kPa).

3.3. Measurement of the SFE Components. In order to cal-
culate the SFE components of aggregates and asphalt
binders, various approaches can be used. The SFE of ag-
gregates in this study was measured by the BET device [52],
and the asphalt binder SFE was calculated using the sessile
drop device [53].

For representing the SFE components of materials, the
theory of acid-base is one of the significant theories widely
utilized [54]. In the aforementioned theory, based on the
molecules’ forces in the surface, the total SFE for each
material has three classifications of acidic, basic, and non-
polar components and is defined as

rtotal _ rAB + rLW’ (4)

where I presents the substance total SFE, and I'*W
and TP represent the nonpolar and polar components of
SEE, respectively. The polar component is described by the
Lewis acid (I'") and Lewis base (I'") as

M = 2r 1. (5)

CFE, more precisely AG, is defined thermodynamically
as the energy required to create a crack inside the material
and is illustrated as

AGC — 21—‘total. (6)

The aggregate-asphalt binder AFE (AGY) consists of the
following two components:

AG? = AG™® 4 AG™Y = 2[\/rjr; AT ATV T ]
(7)

where AG?" and AG**® present the nonpolar and polar
components of AFE, respectively, I“SLW, I'!, and I'; represent
the aggregate SFE components, and I}", I'7, and I'} illustrate
the asphalt binder SFE components.

For the calculation of aggregate-asphalt binder AFE in
the presence of water, equation (8) can be utilized, and the
indices of 1-3 present asphalt binder, aggregate, and
water, respectively. The negative values of AFE indicate
the inclination of materials for debonding from each
other, and the greater this inclination, the more negative
amount [55].
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4. Results and Discussion

4.1. Rheology Characteristics of Asphalt Binder. In this study,
base asphalt binder penetration grade 60/70 was used, where
its characteristics by conducting the classical tests according
to the ASTM standards are illustrated in Table 2. Also, the
penetration and softening point test results are represented
in Table 3. As is obvious, CNF decreased the penetration
degree and increased the softening point of the asphalt
binder. 11.67% and 17.72% of the penetration reduced by the
addition of 1% and 2% CNF to the base asphalt binder,
respectively. In fact, the asphalt binder stiffness was in-
creased using CNF. Moreover, the addition of CNF under
the same stresses makes the mixtures bear less strain. In
mixtures made with 1% and 2% CNF, the softening point
was enhanced by 16.84% and 29.94%, respectively. Also, for
the exploration of the temperature sensitivity of the CNF
modified asphalt binder, PI was measured from the pene-
tration and softening point test results, as seen in Table 3.
Greater PI values represent lower asphalt binder sensitivity
to a temperature that causes greater resistance of an asphalt
mixture to permanent deformations. PI amounts were en-
hanced because of the CNF value growth that illustrates less
change in the sensitivity of asphalt binders against tem-
perature fluctuations.

Various studies [34, 36, 40] have indicated that using
CNT as an asphalt binder modifier enhanced the softening
point and penetration index and decreased penetration of
asphalt binder compared to the unmodified one; however,
there have been limited studies on the effect of CNF on the
penetration index of modified asphalt binder.

4.2. ITS. The ITS results of mixtures under dry and wet
conditions are presented in Figure 3. As is clear, with the
cohesion loss of asphalt mixtures due to the exposure of the
mixtures to the moisture, the ITS values of the mixtures in
wet conditions were decreased in comparison with those of
mixtures in dry conditions. The ITS amounts in both wet
and dry conditions were enhanced by modifying the
characteristics of the aggregates with CNT. With the ad-
dition of CNF as an antistripping additive to the asphalt
binder, the adhesion and cohesion of the mixtures were
enhanced and resulted in greater moisture resistance
compared to the unmodified mixture. The ITS amount of
mixtures modified with 1.3% and 2.4% CNT and 1% and 2%
CNF was increased by 7.93%, 14.39%, 4.18%, and 9.94% in
dry condition and 19.31%, 34.03%, 13.06%, and 27.92% in
wet condition, respectively, compared to the unmodified
mixture. Further, the simultaneous modification of the

(8)

aggregates and asphalt binder with 1.3% CNT +1% CNF and
24% CNT +2% CNF caused the resistance of modified
asphalt mixtures to improve by 26.24% and 52.92% in dry
condition and 57.64% and 102.92% in wet condition, in
comparison with the unmodified mixture, respectively. The
greatest increment in the ITS value was evident in the
modified mixtures with 2.4% CNT +2% CNE. Therefore,
modification of aggregates and asphalt binder simulta-
neously is better for improving the resistance of asphalt
mixtures against moisture sensitivity.

Figure 4 illustrates the TSR amounts of mixtures. As is
evident, the TSR values of the modified mixtures with 1.3%
and 2.4% CNT and 1% and 2% CNF compared to the base
mixture increased by 10.54%, 17.17%, 8.51%, and 16.35%,
respectively. Moreover, the simultaneous utilization of 1.3%
CNT +1% CNF and 2.4% CNT +2% CNF caused the re-
sistance of modified asphalt mixtures to improve by 24.87%
and 32.69% compared to the base mixture, respectively. The
simultaneous application of CNT as an aggregate modifier
and CNF as an asphalt binder modifier illustrated the
greatest influence on increasing the resistance of asphalt
mixtures to moisture sensitivity. Also, the results indicated
that the single utilization of additives could not conclude the
significant effects, and it is better to use the additive ma-
terials in all asphalt mixture compositions such as asphalt
binder and aggregates. Using additive materials in modi-
fying the asphalt binder can help to decrease the polar
properties and, therefore, increase the adhesion of asphalt
mixtures in the presence of water or dry condition. On the
other hand, modifying the aggregates with the additive
materials can increase the hydrophobic properties and ad-
hesion with asphalt binder.

Moreover, considering the acceptable TSR threshold of
70%, it can be seen that the mixtures modified with 2.4%
CNT (as the aggregate modifier), 2% CNF (as the asphalt
binder modifier), 1.3% CNT + 1% CNF, and 2.4% CNT and
2% CNF (as the simultaneous application) can enhance the
moisture resistance of asphalt mixtures.

The results presented in this section are consistent with
the study of Khattak et al. [31], which indicated that CNF
improved the tensile resistance of asphalt mixtures. A
similar finding was presented by Najafi Moghaddam
Gilani et al. [18], which illustrated that using CNT reduced
the stripping potential of mixtures. Moreover, Saltan et al.
[38] showed that using CNT enhanced the asphalt per-
formance in moisture sensitivity, which is also in accor-
dance with the results of this research. However, the
simultaneous utilization of CNT and CNF, as illustrated in
this study, can further improve the tensile resistance of
asphalt mixtures.
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TaBLE 2: The characteristics of base asphalt binder.
Characteristics Standard Base asphalt binder
Penetration grade (0.1 mm) 69
Penetration ratio ASIM D5 0.25
Heat weight loss (%) ASTM D1754 0.75
Flash point (0C) ASTM D92 264
Ductility (cm) ASTM D113 114
Softening point (0C) ASTM D36 48
TABLE 3: Penetration and softening point amounts.
Asphalt binder type Softening point (0C) Penetration (mm) PI
Base 48.1 69.4 —-0.9039
Modified with 1% CNF 56.2 61.3 0.7609
Modified with 2% CNF 62.5 57.1 1.8642
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FIGURE 3: The results of the ITS test in wet and dry conditions.
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4.3. Surface Free Energy (SFE)

4.3.1. Measurement of the Aggregate SFE Components.
The results of the measurements of the aggregate SFE
components associated with the unmodified and modified
aggregates are represented in Table 4. As is evident, the
acidic and polar components of aggregates were reduced by
modifying their properties with CNT. This indicates the
reduction in the tendency of aggregates for detachment from
the asphalt binder’s surface in the presence of water as a
polar substance. Also, it was evident that the nonpolar and
basic SFE components of modified aggregates were higher
than the unmodified ones. In other words, by creating a
coating on the surface of aggregates, their hydrophilic
properties decreased and led to the formation of nonpolar
bonds and more resistance to moisture damage, as a con-
sequence. Therefore, limestone +2.4% CNT had the highest
moisture resistance, and its tendency for detachment from
the surface of asphalt binder was the lowest among the other
aggregates investigated.

4.3.2. Measuring the Asphalt Binder SFE Components.
The SFE components of the unmodified and modified as-
phalt binders are represented in Table 5. As is obvious, the
addition of CNF enhanced the total SFE value of asphalt
binder, showing that further energy is required for the
cohesion type failure that can enhance the moisture resis-
tance. Moreover, the asphalt binder polar components were
smaller than the asphalt binder nonpolar ones. So, con-
sidering that the nonpolar component is the bulk of the total
asphalt binder SFE, it can be said that the bonding of asphalt
binder with other substances is basically through the non-
polar component. The addition of CNF remarkably en-
hanced the modified asphalt binder nonpolar components
associated with the total SFE increment of modified asphalt
binder and their failure resistance. On the other hand, using
CNF in addition to improving the nonpolar components
also raised the polar components of the modified asphalt
binders associated with a decrease in the acidic components
and an increment in the basic components of the modified
asphalt binders that can enhance the adhesion of these types
of asphalt binders with aggregates. Therefore, the modified
asphalt binder with 2% CNF had the greatest adhesion with
the aggregates among the other asphalt binders explored.

4.3.3. AFE. The AFE amounts were calculated at the contact
surface of the modified and unmodified aggregates and as-
phalt binders using the SFE components of asphalt binder
(Table 5) and aggregate (Table 4), and Figure 5 presents the
results. As is clear, the separation of modified asphalt binder
from the surface of aggregates was difficult in dry conditions
(without the presence of water) and needed further energy.
Indeed, applying CNF as an asphalt binder modifier and CNT
as an aggregate modifier enhanced the AFE between asphalt
binder and aggregates. Moreover, by raising CNT and CNF
contents, the energy needed to fail at the contact surface of
asphalt binder and aggregates in dry conditions was

enhanced. The simultaneous utilization of 2.4% CNT +2%
CNF had the greatest influence on the enhancement of AFE.

Khattak et al. [31], in their study, revealed that using
CNF enhanced the adhesion properties in the asphalt sys-
tem, which is consistent with the results of this study. Also,
Najafi Moghaddam Gilani et al. [18] indicated that using
CNT slightly increased the AFE of the system. However,
according to the results of this study, the simultaneous
utilization of CNT and CNF can further improve adhesion in
the asphalt system and illustrate that further energy is
needed for rupture at the contact surface of aggregates and
asphalt binder.

4.3.4. CFE. Figure 6 illustrates the CFE results of the un-
modified and modified asphalt binders. Because of the
nonpolar components of asphalt binder SFE, much of the
increment in asphalt binder resistance to crack was in the
asphalt binder membrane and the polar components had
little influence on increasing or weakening the resistance of
asphalt binder to crack failures and could influence the
adhesion of aggregates and asphalt binders more. So, it can
be said that applying CNF for the modification of asphalt
binder increased the CFE amounts. Therefore, as is illus-
trated in Figure 6, the modified asphalt binder with 2% CNF
had the highest CFE value in the asphalt binder membrane
compared to the other asphalt binders examined.

In a study conducted by Khattak et al. [31], results in-
dicated that using CNF enhanced the cohesion properties of
asphalt binder compared to the unmodified one, indicating
that more energy is required for rupture in the asphalt
binder membrane, which is in accordance with the results of
this research.

4.3.5. Detachment Energy (DE). The DE results between
aggregates and asphalt binder in the presence of water are
illustrated in Figure 7. As can be seen, the asphalt binder-
aggregate AFE changed from a positive value in dry con-
ditions to a negative value in the presence of water. So, when
aggregate, water, and asphalt binder are in contact, water
changes the free energy of the system to reach the lowest
state, which is indeed stripping. Applying CNF as an asphalt
binder modifier and CNT as an aggregate modifier brought
the DE of the system to zero, which illustrates a less tendency
of the mixtures to stripping. An increment in CNT and CNF
contents decreased this desire. So, mixtures modified with
2.4% CNT +2% CNF because of having the highest DE
enhanced the system energy, and stripping will occur later.

Although various studies [21, 22, 42, 43] have investi-
gated the effect of different additives on AFE and CFE in the
asphalt system, there have been limited studies on the in-
fluence of CNF on DE between aggregates and asphalt
binder. Najafi Moghaddam Gilani et al. [18], in their study,
revealed that using CNT reduced DE absolute amounts in
the asphalt system. However, according to the results of this
research, the simultaneous utilization of CNT and CNF can
bring the DE of the system toward zero more, showing the
less desire of the mixtures to be stripped.
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TaBLE 4: : The SFE components of the unmodified and modified aggregates (mJ/m?).

SFE components

Aggregate

BETE I'*, acidic I, basic I3, polar 'YW, nonpolar [total
Limestone 22.20 509.93 212.80 60.71 273.51
Limestone + 1.3% CNT 19.17 514.61 198.65 7291 271.56
Limestone +2.4% CNT 16.48 519.12 184.99 74.11 259.10

TasLE 5: The SFE components of the unmodified and modified asphalt binders (mJ/m?).

Asphalt bind SFE components

sphalt binder

p T, acidic I, basic I'*B, polar '™V, nonpolar [total
Unmodified 22.20 509.93 2.38 11.78 14.16
Modified with 1% CNF 19.17 514.61 2.50 14.34 16.84
Modified with 2% CNF 16.48 519.12 2.62 17.09 19.71
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5. Conclusion

In this research, the moisture performance and SFE concept
of asphalt mixtures were explored under the influence of
CNT and CNF antistripping agents. The simultaneous
modification of aggregates and asphalt binder was also
carried out to decrease the moisture sensitivity of asphalt
mixtures. The significant findings of this study are as follows:

(i) Using CNT as an aggregate modifier reduced the
penetration degree and increased the softening
point of the modified asphalt binder. Also, these
two parameters increased the PI values that im-
prove the sensitivity of modified asphalt binder
against temperature variations

(ii) The ITS test results indicated that the modification
of asphalt binder and aggregates with CNF and
CNT, respectively, enhanced the TSR and ITS
values of mixtures

(iii) The simultaneous utilization of 2.4% CNT +2%
CNF resulted in the best effect on increasing the
ITS and TSR values

(iv) According to the SFE results, applying CNF as an
asphalt binder modifier and CNT as an aggregate
modifier enhanced the AFE of the aggregates and
asphalt binder, showing that more energy is needed
for rupture at the contact surface of the aggregates
and asphalt binder in dry condition. The simulta-
neous application of 2.4% CNT +2% CNF had the
strongest influence on the enhancement of AFE

(v) The SFE results also indicated that applying CNF
increased the CFE amounts in the asphalt binder
membrane

(vi) The DE results between asphalt binder and ag-
gregates in the presence of water showed that using

CNF and CNT brought DE of the system toward
zero, showing the less desire of the mixtures to be
stripped. Mixtures modified with 2.4% CNT +2%
CNF enhanced the energy of the system, and
stripping will occur later

(vii) Generally, the simultaneous utilization of CNTand
CNF had the greatest influence on increasing the
ITS and TSR of mixtures and the SFE of the asphalt
binder-aggregate system

(viii) In future research, the composition of nano-
materials and polymer materials in modifying the
properties of asphalt mixtures can be investigated.
Also, the effect of metal-organic framework (MOF)
materials in the modification of asphalt binder and
other hydrophobic materials in the modification of
aggregates can be explored

Data Availability

The data used to support the findings of this study are
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