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Abstract

One of the most common damages in asphalt mixes is the destructive effect of moisture on the binder cohesion and binder–aggregate 

adhesion which is called moisture damage. There are various methods to improve adhesion and reduce moisture damage in asphalt 

mixes. The most common of them is using an appropriate additive for binder modification. Accordingly, the current research was 

conducted to investigate the effect of two nanomaterials (Nano CuO, and Nano SnO2) in 2 different percentages on 2 types of 

aggregates (granite and limestone) and a type of base binder. In order to investigate the effect of nanomaterials, indirect tensile cyclic 

loading (the same as resilient modulus test) in dry and wet conditions and surface free energy (SFE) method were used. The moisture 

sensitivity indicator which shows stripping percentage of aggregate surface in loading cycles using SFE results and indirect tensile cyclic 

loading, has been considered as the moisture sensitivity indicator in this research. Results of mechanical tests used in this research 

show that nanomaterials have significantly increased asphalt mixes strength in comparison to control specimens. Results obtained 

from SFE method show that nanomaterials increase the cohesion free energy; this change causes a reduction in the possibility of 

failure in binder membrane. Additionally, nanoparticles have increased and reduced basic component and acidic component of SFE, 

respectively. This leads to improvement of their adhesion with acidic aggregates, which is sensitive to moisture damage.
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1 Introduction
Many road administrations have made a lot of attempts in 
order to reduce pavements repair and maintenance costs. 
One of the damages causing high costs of asphalt pave-
ments is moisture damage [1]. Moisture damage, by defi-
nition, means the loss of strength and durability in asphalt 
mixes in the presence of water [2]. One of the import-
ant factors in asphalt mixtures failure, is the percentage 
and properties of materials used in asphalt mix [3, 4]. 
Accordingly, in recent years, attempts have been made to 
modify the properties of materials used in asphalt mix. 
One of the most common methods is the use of hydrated 
lime and/ or liquid antistripping additives of the family of 
amines or amidoamines. In the current research attempts 
have been made to investigate the use of metal nanoma-
terials (Nano CuO, and Nano SnO2) to improve moisture 
damage of asphalt mixes. The reason of selecting these 
nanomaterials is due to their alkaline properties which can 
probably reduce acidic properties of binder and decrease 

moisture damage of asphalt mixes. Nanotechnology is used 
in design, construction and operation of practical materials 
with at least one of the dimensions determined in the nano-
meter unit [5]. This technology is continuously expanding 
with the advancement of sciences and technological equip-
ment [6–7]. The advancement range of this technology 
has reached to it application in asphalt mixes as well. For 
instance, in one of the recent studies, the effect of nanoclay 
on rheological properties of binder has been investigated 
using penetration test, ductility test, softening point test, 
and dynamic shear rheometer. By conducting the above 
mentioned tests, researchers concluded that nanoclay has 
a significant effect on rheological properties of binders [8]. 
Additionally, the effect of using Zycosil nanomaterials on 
the reduction of moisture sensitivity of asphalt mixes in 
2012 was investigated by Moghadas Nejad et al. [9]. results 
showed that adding zycosil to the made specimens causes 
a significant increase in the tensile strength ratio indicator 
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of these specimens. In another research study, the mois-
ture sensitivity of asphalt mixes made by basalt stone 
materials through adding SBR-Nanoclay composites was 
investigated. The obtained results showed that by adding 
this nanocomposite to the asphalt mix, the indirect tensile 
strength in dry and wet conditions increases [10]. The lin-
ear viscoelastic (LVE) properties of modified binders were 
investigated in another study using ethylene vinyl acetate 
nanocomposite and nanoclay. Results of this study showed 
that the proper compatibility between polymer and nano-
clay leads to better distribution of polymer in binder and 
affects rheological properties of binder [11]

Raufi et al. [12] investigated the effect of using three 
types of nanomaterials on the properties of asphalt binder 
and asphalt mixture. The results of this study show that 
the use of nanomaterials can improve the performance 
of asphalt mixture at high temperatures and reduce the 
moisture sensitivity of these asphalt mixtures. Sohrabi 
et al. [13] evaluated the effect of aggregate coating with 
nano micronized calcium carbonate on the sensitivity of 
asphalt moisture. Theirs research shows that the use of cal-
cium carbonate coatings reduces the moisture sensitivity of 
asphalt mixtures. On the other hand, the use of this coating 
of calcium carbonate improves the asphalt binder cover-
age on the aggregate surface. Moghdadas Nejad et al. [14] 
investigated the effect of nano-coating on aggregate sur-
face in reducing moisture failure in asphalt mixtures. The 
results of this study show that the use of nano-coating on 
the aggregate surface reduces the amount of detachable 
energy and reduces the system's desire for the occurrence 
of nudity. The results of mechanical tests also showed that 
the resistance of the asphalt mixture to moisture decreased 
as a result of the coating on the surface of the aggregates. 
Razavi and Kavusi [15] investigated the effect of differ-
ent nano additives on the moisture sensitivity of asphalt 
mixture. In this research, four types of materials, namely 
nano-CaCO3, nano-hydrated lime, nano-bentonite and 
nano-silica, and two types of anti-stripping fillers, namely 
hydrated lime and CaCO3 have been used. The results of 
this study show that the use of this nanomaterial has caused 
the system to reach a higher level in terms of resistance 
and its resistance to moisture sensitivity is reduced. Saltan 
et al. [16] evaluated the effect of nano ZnO on moisture 
sensitivity and permanent deformation of asphalt mixtures. 
The results show that the use of zinc nano-oxide reduces 
the tendency to stripping in asphalt mixtures. This material 
causes better adhesion and aggregation and also reduces 
the percentage of optimal asphalt binder. Recent studies 

indicate the growing trend of research in the field of nano-
materials effect on asphalt mixes properties [13, 17–19]. To 
this purpose, in the current research, the effect of using 
Nano CuO, and Nano SnO2 on moisture damage of asphalt 
mixes was investigated using SFE components of binder, 
the aggregate-binder SFE, and the obtained results from 
cyclic loading tests under dry and wet conditions.

1.1 Necessity of research and objectives
Due to the proposed problems and the low rate of asphalt 
pavement useful life, especially in wet and rainy areas, 
in the current research attempts were made to prepare 
moisture resistant asphalt mixes using metal nanooxide 
materials added to binder.

The most important objectives of this research include:
• Investigating the effect of using metal nanooxeids on 

SFE components of binder;
• Investigating the effect of using metal nanooxeids on 

the aggregate-binder SFE parameters;
• Investigating the effect of using metal nanooxeids on 

the moisture sensitivity of asphalt mixes;
• Comparing the results obtained by loading tests 

under dry and wet conditions with those obtained by 
SFE method; and

• Investigating the mechanism of the effect of metal 
nanooxeids on the process of moisture damage 
occurrence under cyclic loading.

2 Materials and laboratory program
2.1 Materials
2.1.1 Aggregates
Two types of the base aggregates used in this research 
include limestone and granite. The main reason of using 
this type of aggregates was their different degree of water 
absorption, so that the effect of these aggregates with dif-
ferent minerals and different sensitivities on moisture 
damage can be assessed. The gradation of aggregate is 
mid limit of dense graded asphalt mixture. The physical 
properties of aggregates used in this research are pre-
sented in Table 1. It should be noted that the filler used in 
this research is the stone powder of those main aggregates.

2.1.2 Nanomaterials
In the current research 2 metal nanooxides called Nano 
CuO, and Nano SnO2 were used. In order to assess nano-
materials size and to investigate nanoparticles distribution 
in binder, electronic microscopy was used. These images 
were prepared in Tehran university laboratory. As shown 
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in Figs. 1 and 2, images were prepared at 60000 × magni-
fication equal to a voltage of 15 KW. The apparent shape 
of this nanoparticle is almost circular. The following fig-
ures show the apparent shape of this nanoparticle. Copper 
oxide nanoparticles are more dispersed because of their 
heavy and coarse nature, while tin oxide nanoparticles due 
to their larger specific surface have a denser state. As in the 
previous research, nanomaterials percentage was selected 
to be between 0.5 and 1.00 % of binder weight, the same 
percent was used in the current research.

2.1.3 Binder
The binder used in the current research is of pure binder 
type with 60–70 PEN asphalt binder supplied from Isfahan 
refinery. In order to mix nanoparticles with binder, at first, 
the binder is heated up to 150º, and within 30 minutes with 
specified intervals, nanoparticles are gradually added to 
mixing bowl with a speed of 10,000 rpm. Finally, mixing 
is continued at a temperature of 160 Cº for 15 minutes.

2.2 Laboratory program
In the current research, attempts were made to use differ-
ent combinations of asphalt mixes with different potentials 
against moisture damage. Therefore, 2 types of aggregates 

Table 1 Physical and mineralogical characteristics of the aggregates used in this study

Properties Standard Limestone Granite Specification limit

Coarse aggregate

Bulk specific gravity (g/cm3)

ASTM C 127 [20]

2.63 2.61 -

SSD specific gravity (g/cm3) 2.65 2.63 -

Apparent specific gravity (g/cm3) 2.68 2.67 -

Fine aggregate

Bulk specific gravity (g/cm3)

ASTM C 128 [21]

2.62 2.60 -

SSD specific gravity (g/cm3) 2.65 2.62 -

Apparent specific gravity (g/cm3) 2.68 2.65 -

Specific gravity of filler (g/cm3) ASTM D 854 [22] 2.65 2.65 -

Los Angeles abrasion (%) ASTM C 131 [23] 32 22 Max 45

Flat and elongated particles (%) ASTM D 4791 [24] 9 6 Max 10

Sodium sulfate soundness (%) ASTM C 88 [25] 7 9 Max 10-20

Fine aggregate angularity ASTM C 1252 [26] 56.2 59.2 Min 40

Mineralogical characteristics

pH - 7.8 6.7 -

SiO2, (%) - 18.6 62.9 -

Al2O3, (%) - 3.2 13.4 -

Fe2O3, (%) - 4.7 2.3 -

MgO, (%) - 1.4 0.8 -

CaO, (%) - 61.9 3.1 -

Fig. 1 Copper oxide nanoparticles used in this research

Fig. 2 Tin oxide nanoparticles used in this research
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(granite and limestone) with different mineralogical struc-
tures as well as 60–70 PEN base binder along with addi-
tives, including nano-copper oxide and nano-tin oxide were 
used in 2 different percentages of binder mass. By combin-
ing the mentioned materials, 10 different combinations of 
asphalt mixes are created, for each of them 6 asphalt mix 
specimens (3 specimens under dry conditions and 3 spec-
imens under wet conditions) were made in laboratory in 
order to determine moisture sensitivity of different asphalt 
mixes. Additionally, some specimens were also made to 
determine the optimum binder content of the control mix. 
It should be noted that the test to determine the optimum 
binder content was done only for specimens made by con-
trol binder such that no different binder percentage exists 
amongst specimens with the same aggregate. The optimum 
binder content for lime and granite materials is shown in 
Tables 3 and 4. The optimum binder was obtained by find-
ing the mean of binder content corresponds to the maxi-
mum specific gravity, the maximum stability and 4 % of the 
air voids. Moreover, values correspond to 5 parameters of 
stability, flow, AV, VMA, and VFA have been controlled by 
regulations values. As observed, the optimum binder con-
tent in the specimens made by granite aggregates is less 
than specimens made by limestone aggregates. Its main rea-
son can be the smooth surfaces with less porosity in granite 
aggregates which reduce the absorption of unuseful binder.

As AASHTO T283 method is the most common labora-
tory simulation method under field conditions, in order to 
investigate the strength of asphalt mixes against moisture 
damage, AASHTO T283 standard was used to condition 
specimens in the current research. However, cyclic load-
ing to determine the ratio of modulus in wet to dry condi-
tions was used to determine the specimen's moisture sen-
sitivity. Moreover, since the Durability and functionality 
of hot mix asphalts (HMA) depend on air voids and their 
characteristics [27], in this research the laboratory speci-
mens were prepared in 7 ± 1 % of the air voids.

Besides tests performed on asphalt mixes, some tests 
were also done to determine the aggregate and binder SFE 
components. In order to determine the aggregate SFE com-
ponents and to determine the base and modified binder 
SFE components, the universal sorption device (USD) and 
sessile drop method were used, respectively. Fig. 3 shows 
the overall process of this research.

2.3 Tests performed on asphalt mixes
2.3.1 The indirect tensile cyclic loading test
In order to determine asphalt mixes modulus in loading 
cycles, repeated indirect tensile cyclic tests were done. 
In fact, this test is a fatigue test type in which the loading 
is applied to a cylinder specimen repeatedly. The speci-
men is loaded similar to resilient modulus test. But, the 
loading type is a half-sine load with a frequency time of 
2 Hz (the loading time 0.1 s and resting time 0.4 s) and 
the test was done at a Temperature of 25 Cº. Similar to 
indirect tensile strength, this test includes loading in line 
with the specimen diameter. In the current research, this 
test was done based on ASTM D7369 standard [12]. Fig. 4 
shows how the specimen is placed in Universal Testing 
Machine (UTM). How loading and deformations occur is 
shown in Fig. 5.

In order to obtain stiffness modulus in each cycle, 
Eq. (1) is used. This value is calculated and represented 
in each cycle.

Table 2 Binder properties used in specimens

Test method Specification Test results

Flash point AASHTO T48 230 °C 295

Rotational viscosity @ 135 °C 3.0 0.32

Test temperature °C
Min 1.00 kPa

G*/sinδ

64 °C 3.1 kPa

Test temperature °C
Max 5000 kPa

G*.sinδ

25 °C 2950 kPa

Test temperature °C Stiffness MPa 147 Mpa Max 300 MPa

-22 °C m-value 0.3299 Min 0.30

Table 3 Optimum binder content in specimens made with limestone 
aggregates

Mixture Specification

Aggregate type limestone

The binder content corresponds to the maximum 
Marshall stability 5.7

The binder content corresponds to the maximum 
bulk specific gravity 5.8

The binder content corresponds to 4% of the air voids 5.6

Optimum binder content 5.7

Table 4 Optimum binder content in specimens made with granite 
aggregates

Mixture Specification

Aggregate type granite

The binder content corresponds to the maximum 
Marshall stability 5.5

The binder content corresponds to the maximum 
bulk specific gravity 5.85

The binder content corresponds to 4% of the air voids 5.6

Optimum binder content 5.5
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where,
SM = Stiffness modulus (MPa),
P = The maximum Vertical repetitive force rate (N),
v = The Poisson's ratio (PR) of asphalt mix equals to 0.35,
H = Reversible horizontal deformation (mm), and
l = The height of specimen (mm).
The output used in this test is the stiffness modulus 

of asphalt mix in the dry and wet specimens. In order to 
determine the trend of changes relative to the asphalt mix 
stiffness and the stripping percentage of the surface of 
aggregate are used in loading cycles. To obtain moisture 
sensitivity using resilient modulus test, Eq. (2) is used. 

SMR SM
SM

wet

dry
� �
�
�

�
�
��100  (2)

where,
SMR = Resilient modulus ratio (%),
SMwet = Stiffness modulus mean of wet specimens (kpa),
SMdry = Stiffness modulus mean of dry specimens (kpa).

2.3.2 Binder and aggregate SFE components 
measurement tests
Measuring SFE components using sessile drop method is 
one of the common methods used today for solid materi-
als. This method can be used both for aggregate and binder 

Fig. 3 Laboratory program in this research

Fig. 4 Specimen placement in the test

Fig. 5 Schematic of loading in the test [28]
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(in solid form), provided that the aggregate SFE compo-
nents are small. The aggregate used in this research have 
large SFE components, and this method is not suitable to 
measure their SFE components. This experiment was con-
ducted in the laboratory of Biocompatible Polymers Group 
of Iran Polymer and Petrochemical Research Center. 
The device used under G10 brand is made by the German 
CROSS factory. Fig. 6 shows a view of this device.

In order to measure the SFE components of aggregates, 
USD method can be used. As mentioned before, in this 
research, 2 types of aggregates were used. Given that the 
mine supplying aggregates used in this research is the 
same as the other research, results of that research were 
used in order to determine the SFE components of the 
used aggregates in this research [29]. 

3 Results and discussion
3.1 Results of SFE method
3.1.1. Results of measuring the base and modified 
binders SFE components
The aggregate-binder adhesion can be quantitatively 
determined if the SFE components of them are known. 
Moreover, the SFE is combined with other main properties 
using fracture mechanics fundamental principles in order 
to predict and model the growth of cracks in the asphalt 
mix. If damage is seen using these concepts, establishing 
a relationship between SFE and pavement damage will be 
easy, and the importance of SFE concept as a damage indi-
cator in asphalt pavements will become more evident [30].  
Results of measuring SFE components of the base and  
modified binder using different percentages of nanomateri-
als are shown in Table 5. These experiments were conducted 
in the Biocompatible Polymers laboratory of Iran Polymer 
and Petrochemical Research Center using sessile drop 
method. According to the previous studies it can be found 
that the binder has acidic properties and the acid component 
of the binder SFE is greater than its basic component.

Considering data shown in Table 4, it is obvious that the 
binder has acidic properties, such that the SFE of its acidic 
component is 3.18 (ergs/cm2), while its basic component is 
1.16 (ergs/ cm2) indicating that the adhesion between this 
material and acidic materials such as acidic aggregate is not 
desirable. This is one of the main reasons of the occurrence 
of damage induced by moisture in asphalt layers made by 
acidic aggregate. Data show that the use of nanoparticles 
has caused an increase in the total SFE of the base binder. 
This leads to better wettability of binder on the surface of 
the aggregates. Though wettability is different from adhe-
sion, most of the previous papers have considered wetta-
bility as the first condition for good adhesion [31–33]. As it 
is obvious, using nanoparticles in this research caused the 
base binder acidic properties to be reduced and its basic 
properties to be increased. This leads to the improvement 
of modified binder adhesion compared to base binder in 
the acidic aggregates such as granite, which are sensitive to 
moisture damage. Additionally, this causes an increase in 
the initial energy required for the occurrence of stripping 
phenomenon and debonding of binder from acidic aggre-
gates leading certainly to the speed reduction and the prob-
able occurrence of moisture damage in asphalt mixes.

Results presented in Table 5 show that using nanopar-
ticles used in this research has caused the acidic compo-
nent of the base binder SFE to reduce from 3.18 (ergs/cm2) 
to 3.15 (ergs/cm2) in 0.5 % of nano-tin oxide. Moreover, 
this amount has reduced to 3.14 (ergs/) in 1 % of nano-tin 
oxide. In the following it is observed that there is almost 
the same trend by adding nano-copper oxide, and using 
this material has caused a reduction in the amount of 
acidic component of the binder SFE. Increasing nano-cop-
per oxide from 0.5 % to 1 % has caused the acidic compo-
nent of the binder SFE to be reduced more.

Using nanoparticles has caused an increase in the basic 
component rate of the base binder SFE. As it is obvious 
from data shown in Table 5, using nanoparticles has caused 
basic properties of the base binder to be increased. It can 
be observed from the following table data that the basic 
component of the base binder SFE has increased from 
1.16 (ergs/cm2) to 1.45 (ergs/cm2) and 1.49 (ergs/cm2) in the 
0.5 % and 1 % of nano-copper oxide. This trend is also 
seen by adding nano-tin oxide causing an increase in the 
basic component of the Binder SFE. The higher percentage 
the nano-tin oxide, the greater increase in the basic com-
ponent of the SFE is seen. As seen from the data obtained 
by measuring the binder SFE components, using nanopar-
ticles has caused an increase in the basic-acidic (polar) 

Fig. 6 Different parts of the sessile drop device
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properties of the binder. This can improve the adhesion of 
this material and the aggregates with high polar properties. 
The presented results show that the basic-acidic component 
of the SFE in the without additive state has been equal to 
3.84 (ergs/cm2). Adding 0.5 % and 1 % of nano-tin oxide 
has caused this component to increase to 4.18 (ergs/cm2) 
and 4.30 (ergs/cm2), respectively. Also, a similar trend can 
be seen in the addition of nano-copper oxide that Adding 
0.5 % and 1 % of nano-copper oxide has caused this com-
ponent to increase to 4.23 (ergs/cm2) and 4.16 (ergs/cm2) 
respectively. Using nano-copper oxide and nano-tin oxide 
has caused a slight increase in non-polar SFE rate of the 
base binder based on Table 5. The only exception is about 
modified binders with 1 % of nano-copper oxide. Using this 
material has caused a significant increase in the non-polar 
SFE rate of the binder. As it is obvious, the non-polar com-
ponent of the binder SFE is by far greater than its polar 
component. In fact, the binder shows poor polar properties 
and most of its bonds are covalent (non-polar).

3.1.2 Results of testing the aggregate SFE components
Table 6 shows results of testing the aggregate SFE com-
ponents. As observed from data presented in this table, 
the acidic component of the granite aggregate SFE 
is greater than that of lime aggregate SFE. The opposite 
trend exists for basic component of the SFE in which the 
basic component of the granite aggregate SFE is smaller 
than that of lime aggregate SFE. In addition, it is observed 
that the polar component of the aggregate SFE is higher 
indicating the higher polarity of granite aggregates used 
in this research. In fact, most of the bounds between 
aggregate-binder are formed by polar bonds. These bonds 
are easily broken down in the presence of the third polar 

material (water) and the binder stripping occurs on the 
aggregates surface. In the contrary, it is observed that 
the non-polar component of SFE of the limestone aggre-
gates is higher than that of granite. This indicates the 
greater tendency to form non-polar bonds in the lime-
stone aggregates. 

3.1.3 Adhesion free energy under dry and wet 
conditions
As we know, the adhesion free energy is positive indicat-
ing that energy should be consumed to debond 2 materials, 
and the larger positive values show that better adhesion 
has been provided. Results of the adhesion free energy 
between aggregates and base and modified binders used 
in this research before and after modification using metal 
nano oxides are presented in Table 7. These results were 
obtained using SFE components of aggregates and base 
and modified binders presented in the 2 previous sections.

As shown in Table 7, the adhesion free energy between 2 
materials is positive in all specimens, therefore, to debond 
them from each other, energy is needed. Results obtained 
by the aggregate-binder adhesion free energy column 
show that the adhesion between limestone aggregate and 
base binder is greater than that of the granite aggregate 
and base binder. This shows that debonding base binder 
from the limestone aggregate surface unit in dry condi-
tion (in the absence of water) is more difficult than granite 
aggregate surface and needs more energy. Additionally, 
results of this column show that using metal nanooxides 
has caused an increase in the adhesion SFE. Moreover, the 
energy required for failure at the aggregate-binder contact 
surface has increased in dry conditions as the percentage 
of nanomaterials used in this research increased.

Table 5 SFE components of base binder and modified asphalt binder

SFE components Base asphalt 
binder

0.5 % nano SnO2-
modified asphalt 

binder

1 % nano SnO2-
modified asphalt 

binder

0.5 % nano CuO-
modified asphalt 

binder

1 % nano CuO-
modified asphalt 

binder

Acid component (ergs/cm2) 3.18 3.15 3.14 3.09 2.90

Base component (ergs/cm2) 1.16 1.39 1.47 1.45 1.49

Polar component (ergs/cm2) 3.84 4.18 4.30 4.23 4.16

Nonpolar component (ergs/cm2) 14.02 14.56 14.98 15.02 16.73

Total SFE (ergs/cm2) 17.86 18.74 19.28 19.25 20.89

Table 6 SFE components of two types of aggregates used in this research

Type of aggregate Total SFE Nonpolar component Polar component Basic component Acidic component

Granite 293.79 57.53 236.26 534.25 26.12

Limestone 259.32 62.13 197.19 593.45 16.38
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3.2 Results of repeated load in wet and dry conditions
As aforementioned, considering data obtained from 
repeated load test and by knowing the rate of applied stress 
during each test, stiffness modulus is calculated using max-
imum strain and stress. The stiffness modulus values ver-
sus the number of loading cycles are determined for each 
specimen. In the current research, the stiffness modulus 
was calculated for all specimens in dry and wet conditions.  

Results of the stiffness modulus in wet to dry condi-
tions ratio for all specimens made by granite and lime-
stone aggregates are shown in Figs. 7 and 8, respectively.

Considering data presented in these 2 figures, it is obvi-
ous that the stiffness modulus in the wet to dry conditions 
ratio is always less than 100. This event is expected, because 
the destructive effect of water leads to the change of binder 
properties and losing adhesion on the binder -aggregate 
contact surface, both of them lead to the reduction of asphalt 
mix modulus in the wet conditions compared to the dry con-
ditions. It was also evident from data presented in the adhe-
sion free energy table in the dry and wet conditions that 
the binder-aggregate free energy values are negative in the 
wet conditions. This means that the system releases energy 
during the occurrence of stripping. According to the ther-
modynamic concepts, each process that releases energy is 
spontaneous and occurs under any circumstances. The pre-
sented results show that using 2 types of nano copper and 
nano-tin oxides additives in the binder causes an increase 
in the stiffness modulus in the wet to dry conditions ratio. 
This means that the loss of stiffness modulus has reduced 
in wet conditions compared to dry conditions. In fact, mod-
ifying binder by nanoadditives has led to the occurrence of 
the lower rate of strength loss in asphalt mixes in the pres-
ence of water. The positive effect of using binder modifica-
tion via nanoparticles in the asphalt mixes has been more 

evident in the number of higher cycles. As observed, the 
specimens made by modified binders using nano-tin oxide 
outperformed control specimens and specimens made by 
binders modified by nano-copper oxide.

Results of dynamic modulus of wet to dry conditions 
ratio in specimens made by granite aggregates are shown 
in Fig. 7. A similar trend can be observed in this group 
specimens in comparison to those made by limestone 

Fig. 7 Dynamic modulus ratio in specimens made with granite 
aggregates

Fig. 8 Dynamic modulus ratio in specimens made with limestone 
aggregates

Table 7 Adhesion SFE of various compounds in dry and wet conditions

Mixture Asphalt binder Aggregate Asphalt binder-
aggregate Asphalt-water Water-aggregate Asphalt-binder in 

presence of water

1 AC Granite 150.25 63.85 355.88 -119.88

2 AC + 0.5 %SnO2 Granite 151.98 65.46 355.88 -110.84

3 AC+  1 % SnO2 Granite 153.44 66.69 355.88 -111.44

4 AC + 0.5 %CuO Granite 152.36 66.11 355.88 -112.01

5 AC + 1 %CuO Granite 153.25 67.72 355.88 -115.99

6 AC Limestone 154.63 63.85 360.51 -119.57

7 AC + 0.5 % SnO2 Limestone 156.17 65.46 360.51 -110.77

8 AC + 1 % SnO2 Limestone 157.49 66.69 360.51 -111.54

9 AC + 0.5 %CuO Limestone 156.49 66.11 360.51 -112.04

10 AC + 1 %CuO Limestone 157.33 67.72 360.51 -116.19
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aggregate (Fig. 8). It should be noted that, in the general 
state, the wet to dry stiffness modulus in specimens made 
by granite aggregates has been less than acidic aggregates. 
Additionally, it is observed that reduction slope of stiffness 
modulus ratio shows a sharper trend due to using granite 
aggregates compared to limestone aggregates indicating 
the higher speed of reduction in stiffness modulus under 
wet conditions in acidic aggregate. Using binder modifi-
cation has led to the more improvement of asphalt mixes 
made by granite aggregates against moisture.  

3.3 Stripping process in repeated loading cycles
Using the results of dynamic modulus in wet to dry con-
ditions ratio presented in Figs. 7 and 8 as well as results 
of measuring adhesion free energy in the presented dry 
and wet conditions, the stripping percentage of binder 
from the aggregates surface was calculated and shown in 
Figs. 9 and 10. As shown in figures, using both types of 
metal nanooxides has led to the reduction of the stripping 
percentage of the aggregates surface in different cycles 
of loading. This means that the coverage on the aggre-
gates surface does not allow moisture to penetrate into the 
aggregate- binder contact surface leading to the increase 
of asphalt mix strength to moisture. The increase in the 
percentage of the additives used in this research has led 
the stripping rate to be more reduced. Additionally, in both 
series of specimens made by granite and limestone aggre-
gates, it is observed that binder modification with nano- 
tin oxide has more affected the reduction of stripping per-
centage in loading cycles.

Moreover, studies show that specimens made by gran-
ite aggregate had poorer performance in comparison to the 
specimens made by limestone aggregate. The main reason 
of this event can be attributed to the stronger adhesion of 
basic aggregate with binder, which is an acidic material. 
Furthermore, in the previous sections, it was observed that 
the failure at the contact surface of binder-granite aggre-
gate has caused greater energy to be released in compar-
ison to binder-limestone aggregates. In fact, the tendency 
to stripping in the specimens made by granite aggregates 
is greater. Considering the data 

Presented in these figures it can be observed that the 
slop of the stripping percentage against loading cycles dia-
gram is ascending. In fact, in the initial loading cycles, 
approximately all aggregates and binder have bonded to 
each other. The more the specimens are exposed to wet 
conditions and the more the number of repetitions, the 

higher percentage of the binder is stripped from the aggre-
gates surface. As a result, the reduction of adhesion and 
the reduction of the percentage of the aggregate bonded 
together have negatively affected each other and the mois-
ture damage occurrence continues with sharper slope. In 
addition, it is observed that the stripping process slope is 
greater in the specimens made by base binders.  

4 Conclusions
Considering the importance of moisture damage and the 
effect of the used materials properties on this damage, 
research on the effect of nanomaterials on asphalt mixes 
properties have experienced a growing trend in recent 
years. Accordingly, in the current research attempts have 
been made to investigate the role of 2 nanomaterials (Nano 
CuO, and Nano SnO2) in the moisture sensitivity of vari-
ous asphalt mixes. The most important results obtained in 
this research include:

• The acidic component of granite aggregates SFE is 
greater than that of limestone aggregates SFE. The 
opposite process exists for SFE of basic component.

Fig. 9 Stripping of the binder film from the aggregates surface in 
specimens made with granite aggregates

Fig. 10 Stripping of the binder film from the aggregates surface in 
specimens made with limestone aggregates
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• Using nanoparticles in this research has caused 
acidic properties of base binder to be reduced and 
its basic properties to be increased. This leads to the 
improvement of modified binder adhesion compared 
to base binder with regard to acidic aggregates such 
as granite, which are sensitive to moisture damage.

• Results of the binder-aggregate adhesion free energy 
show that the adhesion between limestone aggregates 
and base binder is greater that the adhesion between 
granite aggregates and base binder. This indicates that 
in dry conditions (in the absence of water) debonding 
base binder from the limestone aggregates surface 
unit is more difficult than granite aggregates surface 
and needs more energy. Moreover, using metal nano-
oxides has caused an increase in the aggregate-binder 
adhesion free energy.

• The specimens made by granite aggregates and base 
binder had more negative adhesion free energy com-
pared to limestone aggregates. This shows that due 
to debonding binder from the surface of the aggre-
gates unit with the water penetration, higher energy 
is released, and therefore, the tendency to stripping 
is higher in these aggregates. 

• Using 2 types of nano-copper and nano-tin oxides 
additives in the binder causes an increase in the 
stiffness modulus in the wet to dry conditions ratio. 
This means that the loss of stiffness modulus has 
reduced in the wet conditions compared to dry con-
ditions. In fact, modifying binder by nanoadditives 
has led to the occurrence of the lower rate of strength 
loss in asphalt mixes in the presence of water.

• The reduction slope of stiffness modulus ratio shows 
a sharper trend due to using granite aggregates com-
pared to limestone aggregates indicating the higher 
speed of reduction in stiffness modulus under wet 
conditions in acidic aggregate. Using binder modi-
fication has led to the more improvement of asphalt 
mixes made by granite aggregates against moisture. 

• Using both types of metal nanooxides in this research 
has led to the reduction of the stripping percentage 
of the aggregates surface in different cycles of load-
ing. This means that the coverage on the aggregates 
surface does not allow moisture to penetrate into 
the aggregate- binder contact surface leading to the 
increase of asphalt mix strength to moisture.   
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