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Abstract

In this study, the effect of using Polypropylene (PP) as an
antistripping additive of asphalt mixtures is investigated.
Here, the moisture susceptibility of asphalt mixtures is evalu-
ated by determining the micro-mechanisms using the surface
free energy (SFE) concept. The adhesion bond between the
aggregate and asphalt binder and the cohesion strength of the
asphalt binder are considered as the main factors that affect
moisture damage of asphalt mixtures. Test results indicate that
the use of PP improves the resistance of asphalt mixtures in
both wet and dry conditions. Also, the results of the SFE tests
showed that the modifying asphalt binder with PP increases
free energy of adhesion that will improve adhesion resistance
between asphalt binder-aggregates. The amount of debond-
ing energy in the samples which are modified with PP is lower
than the control samples. This shows that by modifying asphalt
binders, the tendency of asphalt binder-aggregate stripping
can be reduced. The results show the total SFE of the asphalt
binders of the modified samples have more free energy rather
than the control samples. This phenomenon shows that failure
in the asphalt binder film and cohesion failure will be hap-
pened more rarely.
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1 Introduction

Moisture damage can be defined as the loss of strength and
durability in asphalt mixtures due to the effect of moisture.
Moisture damage in the asphalt mixtures is a common concern
which occurs because of the high repair and maintenance costs
of the pavements [1, 2].

In general, moisture damage is occurred because of two
main reasons including loss of adhesion and loss of cohesion
[3]. On the other hand, moisture damage occurs because mois-
ture has less viscosity and surface tension in comparison with
the asphalt binder [4]. This leads the aggregates to tend to be
adjacent water rather than the asphalt binder which makes
the stripping to be happened. This occurrence is gradually
shown in the Fig. 1. In this figure, one asphalt binder drop is
in contact with the surface of the aggregate and all the system
has been submerged in water. The contact angle (8) between
asphalt binder and aggregate at the presence of water will be
reduced by passing the time. This process continues till the
angle gets increased until the asphalt binder loses its contact
with the aggregate surface; i.e. (180-0) will be decreased [5, 6].

Moisture damage has been noticed by the researchers for
many years, but many aspects of this damage are yet unknown
[7]. There are two significant questions related to this topic:

1) Approaches that can reduce moisture damage intensity

2) Approaches to precisely predict the condition of the
moisture damage potential [8§, 9].

Nowadays, the need to incorporate new materials in the struc-
ture of the asphalt mixtures is sensible. These materials are sup-
posed to reduce moisture damage due to some reasons including:
expansion of the pavement network, increase of the traffic inten-
sity, existence of the huge and heavier trucks and at some points
and more intense environmental conditions [10—14].

Fig. 1 Phases of asphalt binder’s separation from the surface of the aggregate
as a result of the presence of water [5]
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There are two methods to improve adhesion between aggre-
gate and asphalt binder that will cause a reduction of moisture
damage in asphalt mixtures as a sequence. The first method is
using liquid antistripping additive in asphalt binder to improve
the cohesion of asphalt binder and asphalt binder-aggregate
adhesion. Liquid antistripping materials are in fact chemical
surfactants that increase the adhesion between asphalt bind-
er-aggregate by changing the structure of the asphalt binder.
Also, these types of additives increase the coating ability of
asphalt binder around the aggregates. The main raw materials
of the liquid antistripping additives are obtained from the fam-
ily of amines and amid-amines [13]. The second method is to
coat aggregate surface using appropriate materials which alter
the surface properties of aggregates. By applying this method
the hydrophilic tendency of acidic aggregates will be decreased.
Thus, when the water enters to the asphalt binder-aggregate sys-
tem, the intensity of stripping will be reduced. One of the most
popular materials in this category is hydrated lime [15, 16].

Although mentioned materials reduce the moisture in
asphalt mixtures; using these materials makes some technical
problems [17-22]. According to the considered problems, this
research tried to analyse the utilization of the polymers as an
antistripping material.

1.1 Problem statements and objectives
The most imperative purpose of this investigation is to
increase the resistance of asphalt mixtures against moisture
damage. In order to accomplish that, the materials of asphalt
mixtures are modified in order to increase the resistance of mix-
tures. According to the literature review, it can be seen that the
most effective way to create asphalt mixtures resistant to mois-
ture damage is using antistripping materials. Many additives are
studied to be feasible in asphalt mixtures, some key factors like
making asphalt mixtures resistant to moisture (the most import-
ant purpose of this study), non-existent issues in other techni-
cal specifications of the mixture, performance considerations,
economic considerations and environmental considerations are
found to be most significant parameters for designers.
The most important objectives of the present study are:
» Effect of PP additive incorporation on asphalt binder cohe-
sion
» Effectof PP additive incorporation on the adhesion of asphalt
binder-aggregate in dry and wet conditions improvement
» Effect of PP additive incorporation on resistance of asphalt
mixtures in dry and wet conditions according to mechani-
cal experiments
» Effect of PP dosage on moisture damage of asphalt mixture

1.2 Literature review

There are a few researches that studied the direct effect of
material characterization on the moisture damage. Some stud-
ies of these literatures are about the parameters that can be

obtained directly from material characterization performed.
Griffith [23] showed that the minimum energy required crack
growth in elastic materials is a function of the SFE which in
terms of number is equal to their surface tension. Schapery
[24] utilized a method similar to Griffith in order to develop the
basis of crack growth in the viscoelastic materials. According
to the results and the energy balance method, a fundamental
property of the material is continuity of the cohesion energy
to determine the work. Free cohesion energy is the amount of
the needed energy to create two surfaces with a unit area in a
material which is equal to two SFE of the material from the
formula point of view. Kim et al. [24] in their research showed
that how mastic resistance to micro cracks is significantly
related to the amount of the exterminated energy by mastic.

In a comprehensive study that was conducted by Cheng
[25] general study in the concepts of SFE and its application in
asphalt pavements was performed. Cheng showed that the sys-
tem’s energy reductions in the presence of water and moisture
damage in asphalt mixtures are related to each other directly
during the stripping (free energy). In another study, Bhasin et. al.
[26] studied two parameters affecting the connection energy-ad-
hesion and connection strength between aggregate and asphalt
binder. The researcher also monitored the reduction of energy
released when the aggregates is exposed in asphalt binder in the
presence of water, by using SFE values. These parameters limit
values for asphalt-aggregate mixtures susceptible to moisture
failure by comparing these amounts with field performance.
Masad et. al. [27] investigated the moisture damage of asphalt
mixtures using the concept of a mechanism that influences the
adhesion between aggregate-asphalt binder of the free cohesion
energy or mastic and the detachment of viscoelastic materials.
The free adhesion and cohesion energy is measured using the
components of the SFE of asphalt binder and aggregate.

In 2006, Bhasin [27] studied the important characteristics
that influence the moisture damage of the asphalt mixtures.
The author also developed laboratory equipment and then,
they performed an analytical review to determine these char-
acteristics. Bhasin et. al. [28] measured the amount of energy
required for stripping. Based on the results presented in this
study, it was found that if the moisture content is at the surface
between asphalt binder-aggregate, stripping in both asphalt
binder and aggregate will occur due to the work of adhesion or
Gibbs free energy in the presence of water and are negative in
values. An investigation at the Department of Transportation’s
Federal Research Report examined the effect of free energy of
aggregates and asphalt binder on asphalt mixture’s resistance
against moisture damage [29].

Four Energy parameters are presented in NCHRP 9-37 report,
based on measurements of the components of the SFE. Moisture
susceptibility of all combinations of asphalt binder and aggregate
has been introduced as functions of four energy parameters as
independent factors. These energy parameters can be extracted
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Designing commixture using base asphalt binder and two types of
lime stone and granite aggregate

'

Determination of each mixture's optimum asphalt binder percentage

Modification of the base asphalt binder using %

Measurement of base and modified asphalt binder's' surface

free energy using the USD method

2% of PP interval

v

Asphalt binder-aggregate's free energy of adhesion in dry and

wet conditions

!

Placing samples in ambient condition with one, three and five freeze-thaw cycles

Moisture susceptibility test on the asphalt mixture samples with base and modified asphalt binder by the
modified Lottman test

Fig. 2 Flow chart of experimental design of this study

from asphalt binder and aggregates’ SFE [30]. In a study by Kim
et. al. [31], the small cracks in the system caused by repetitive
loading asphalt binder-aggregate at high temperatures (above 40
°C) and analysis of moisture damage based on the theory of SFE,
were examined. In this study, a percentage of aggregate surface
that stripped in loading cycles as an index to determine the poten-
tial of moisture damage in asphalt mixtures has been considered.
This index is obtained from aggregates and asphalt binder using
SFE and repetitive loading. A report in 2005 by Lytton et. al. [32]
examined the moisture damage using SFE measurements and
dynamic mechanical analysis. The results of the SFE are used to
assess the cohesion of asphalt binder and the adhesion of asphalt
binder-aggregate. This study has offered a development of a
new method for data analysis and calculate dynamic mechanical
failure rate. There was an effort to provide free surface energy
indexes that are associated with moisture damage occurrence. In
this study, SFE components of 8 and 4 types of aggregates and
asphalt binders were determined, respectively. The results of this
study indicate that cohesion free energy, free energy of asphalt
binder-aggregate adhesion, the system’s released energy (energy
released by system) in the presence of stripping (debonding
energy), aggregates’ specific surface area and coating capability
are of the most important parameters effective in the occurrence
of moisture damage [33].

2 Experimental Design
2.1 Experimental set up

Flowchart of experimental design of this study is presented in
Fig. 2. Asphalt concrete samples are prepared for testing under
controlled conditions which consists of two stages: heating
aggregate and asphalt binder separately, mixing and compressing.

In the following flowchart, experimental program to pre-
pare and test conventional and modified asphalt binder sam-
ples is shown. In accordance with previous studies, it has been
found that the percentage of polymer has little effect on the
optimum asphalt content. Since, the optimum asphalt binder
percentage of control sample is selected as a dosage of the
modified sample [34].

2.2 Materials
The asphalt binder used in this study has a penetration grade of
60/70 that is obtained from Isfahan’s oil refinery plant (Table 1).
Two types of aggregates with different characteristics against
moisture damage have been incorporated in this research: lime-
stone that serves as a hydrophobic aggregate and granite known
as a hydrophilic and sensitive aggregate to moisture damage.

Table 1 The properties of the base asphalt binder used in this study

Effects of Asphalt Binder Modifying with Polypropylene on Moisture Susceptibility

Test Standard Result
Penetration (100 g, 5 s, 25 °C), 0.1 mm ASTM D5 66
Penetration (200 g, 60 s, 4 °C), 0.1 mm ASTM D5 24
Penetration ratio ASTM D5 0.36
Ductility (25 °C, 5 cm/min), cm ASTM D113 110
Solubility in trichloroethylene, % ASTM D2042 98.8
Softening point, °C ASTM D36 54
Flash point, °C ASTM D92 268
Loss of heating, % ASTM D1754 0.74
Properties of the TFOT Residue
Penetration (100 g, 5 s, 25 °C), 0.1 mm ASTM D5 61
Specific gravity at 25 °C, g/cm3 ASTM D70 1.03
Viscosity at 135 °C, ¢St ASTM D2170 157.9
201862 4 903



Table 2 Chemical composition of the two types of aggregates

Test Granite Limestone
pH 6.9 7.2
Silicon dioxide, SiO, (%) 62.7 2.3
Aluminum oxide, Al,0, (%) 19.7 9.7
Ferric oxide, Fe,O, (%) 23 6.8
Magnesium oxide, MgO (%) 1.8 35
Calcium oxide, CaO (%) 44 71.2

Table 3 Physical properties of the two types of aggregates

Specificati
Test Standard Granite  Limestone pec% c.a ron
limit
Specific gravity ASTM C
(coarse agg.) 127
Bulk 2.652 2.612 -
Saturated surface dry 2.664 2.644 -
Apparent 2.686 2.663 -
Specific gravity ASTM C
(fine agg.) 128
Bulk 2.652 2.619 -
Saturated surface dry 2.656 2.638 -
Apparent 2.681 2.659 -
Specific gravity ASTM
2.659 2.649 -
(filler) D854
Los Angeles ASTM C
21 2 Max 45
abrasion (%) 131 ! a
Flat and el ted ASTM D
o anc e ongate 5.9 8.4 Max 10
particles (%) 4791
Sodium sulphate ASTM
2.3 3.9 Max 10-20
soundness (%) C 88 a
Fi
ine aggregate ASTM C 518 Min 40
angularity 1252
100 /
80 /
i
< 60
@
» s
=%
E“ /7
w 20 j
- =
- !
0.01 01 1 10 100
Sieve Size (mm)
—— Lower Limit (%0) Testing (%0) Upper Limit(%)

Fig. 3 The aggregate grading of the study

In this table, only the minerals with high percentage and min-
erals that are important at determining the hydrophobic and
hydrophilic ability of aggregates are presented. The physical
characteristics of aggregates and the results of quality control
of mines that are fabricated with materials which are used in
this study are presented in the Table 3. The main reason for

using these types of aggregates is their different hydrophilic
ability. Since, the effect of hydrophilic ability of aggregates on
moisture damage can be assessed.

The grading of the aggregates used in this is shown in the in
Fig. 3.

2.3 Additives

Also known as PP, Polypropylene (-[CH2-CH (CH3)] n-)
is one of the most widely used and most basic polymers in the
world and is the largest consumer of propylene. Polypropylene
is made from propylene polymerization in room temperature
and pressure in the presence of known catalyst Ziegler-Natta.
The presence of this catalyst, create an isotactic polymer that
can be crystallize up to 90 percent.

In this study, the PP is used by two weight percentages of
2% and 4% of asphalt binder’s weight. The reason for these
levels of replacing selection is because of the most of previous
studies which incorporated polymer additives; the replacing
level is usually between 1 to 8 percent of the asphalt binder
by weight. To add this material to the asphalt binder, first the
asphalt binder should be heated to 160°C in order to reduce
viscosity and increase the mixing ability with the polymer in
the mixer. Mixing the asphalt binder and polymer was contin-
ued for 6 minutes and with rotation speed of 8000 rpm.

3 Experimental setup and procedure
3.1 Moisture sensitivity test (AASHTO T283)
AASHTO T283 is a common test to control resistance of
asphalt mixtures against moisture damage and to evaluate the
efficiency of antistripping. The required materials are mixed to
produce dry and wet samples of HMA in the optimum asphalt
binder percentage. More samples are required when one of the
samples is destroyed or the maximum amounts of the samples’
density are not identified. The target air voids percentage of 7
+ | is determined in accordance with AASHTO T269 standard
which this target is achieved by applying the definite number
of blows. Afterwards, the samples are divided into dry and wet
samples. The wet samples have been then subjected to reach the
saturation mole of 55-80%. Saturated samples are kept for 16
hours in a freezer at —18°C and then for 24 hours in a water bath
maintained at a temperature of 60°C while the others are kept
in dry conditions. All of the samples are brought into the labo-
ratory temperature of 25°C and the indirect tensile strength test
is conducted on the samples. The method of testing and loading
conditions is shown in the Fig. 4.

Fig. 4 The procedure of loading and performing the experiment in the indi-
rect tensile test

904

Period. Polytech. Civil Eng.

G. H. Hamedi, A. R. Azarhoosh et al.



The indirect tensile amount is achieved through the follow-
ing equation:
s 2P (1)
[1Dt
Where, P describes the maximum applied vertical load, D
is the samples diameter and ¢ defines the samples thickness.
Tensile Strength Ratio (TSR) is achieved by the following
equation:
TSR = IOO(M) 2)
uncond
Where, S, is the average of the indirect tensile resistance

of the samples under the wet condition and S describes the

uncond
average of the indirect tensile resistance of the samples under
the dry condition.

In this study, in order to determine a better effect, the poly-
meric material in the humid condition of the samples is done
with 1, 3 and 5 freeze-thaw cycles.

a) Measuring the SFE components of the asphalt binder

The Wilhelmy plate method is utilized to measure of the
SFE components of asphalt binder [35].

b) Measuring the SFE Components of Aggregate

According to the previous sections, two types of aggregates
are used. It is also important to know that the SFE components

of aggregate are determined by USD method [36].

4 Results and discussion
4.1 Results of the experiment of moisture
susceptibility

The results of the indirect tensile strength of specimens
when exposed to different cycles of freeze-thaw are shown in
Fig. 5. As it can be observed, the value of the indirect tensile
of the samples, with the increase of the number of freeze-thaw
cycles are reduced. The reduction in indirect tensile strength
of samples by increasing the number of freeze-thaw cycles
can be related to adhesion or cohesion of the asphalt binder
caused from more presence of the samples that were exposed
to moisture. From Fig. 5, PP as antistripping material causes an
increase in adhesion and cohesion in mixtures. Also it prevents
asphalt binder to be moved quickly from the surface of aggre-
gates and leads to the increase of resistance in the mixtures
within freeze-thaw cycles more than in supplements of PP.

Figs. 7-8 show the amounts of the indirect tensile strength
for the mixtures that are made with PP in this research. It is
evident that with the increase in the number of freeze-thaw
cycles, the amount of ITS is decreased. The samples made by
limestone and 4% PP have the highest amount of the indirect
tensile strength ratio (92%) in the first cycle and this amount is
reduced to 84% at the fifth cycle.

The chemical mixtures of both aggregates used in this
study are presented in Table 1. This table shows that lime-
stone is mainly consist of the Cao while the granite aggregates
consist of mostly of SiO, and Al,O,. The classification of the

1400

ITS (kPa)

Control Controlwith 2% PP Controlwith 4% PP
Mixtures
#Uncond —1 cycle " 3 cycle x5 cyele

Fig. 5 ITS values of control and modified samples with PP addi-

tion in different freeze-thaw cycles made with granite aggregate

1400

ITS (kPa)

#Uncond

—leycle Ww3cycle N5 cycle

Fig. 6 ITS values of control and modified samples with PP addition in differ-
ent freeze-thaw cycles made with limestone aggregate
aggregates is like the limestone aggregate and granite aggre-
gates are considered hydrophilic. Using the method of Figs.
7-8, it can also be identified that limestone, in comparison with
granite aggregate, provides stronger mixtures against moisture.
According to indirect tensile test result, the tensile resistances
of dry samples are significantly reduced due to various circum-
stances, and this shows that the moisture damage is because
of water presence. This reduction is more considerable for the

modified samples in comparison with control samples.

Different additives have different effects on the perfor-
mance of the asphalt mixtures. The results of PP addition show
that this additive material has a positive effect on the amount
of the indirect tensile ratio in all of the percentages used in this
study. Adding 2% of these materials significantly increases the
amount of the indirect tensile rate. While this increase in 4%
of additive in comparison with 2% additive is not significant;
this means that the increase of more than 2% of this material
is not logical, because the cost of running the mixture will be
increased and it also has a positive effect on increasing resis-
tance against moisture damage in comparison with the sam-
ples made with 2 % of this material is not observed. There-
fore addition of 2% PP can be considered as optimal dosage of
incorporation.

Effects of Asphalt Binder Modifying with Polypropylene on Moisture Susceptibility
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Fig. 7 TSR values of control and modified samples with PP additive in dif-
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Fig. 8 TSR values of control and modified samples with PP additive in dif-

ferent freeze-thaw cycles made with limestone aggregate

Antistripping additives utilization dosage, based on the
type of the asphalt binder and the type of the antistripping
materials, are variables and the optimum percentage should be
found using the experiments that are used for determination of
moisture susceptibility.

In order to precisely examine the effect of the PP additive
used in this investigation on the moisture susceptibility of the
asphalt mixtures 1, 3, 5 freeze-thaw cycles according to AAS-
HTO T283 standard is applied. It is observed that the reduction
of the indirect tensile resistance of the modified mixtures with
PP additive is not as much as the control mixtures in different
cycles. Decreasing in the amounts of the indirect tensile rate
between first and third cycles is lower than the reduction of the
direct tensile rate between third and 5th cycles. This is due to the
fact that with the increase of freeze-thaw cycles, antistripping of
the asphalt binder from the surface of the aggregates is reduced
and this causes the stripped aggregates to no longer participate in
loading. The prepared samples with limestone showed the least
changes in the amount of the indirect tensile rate in cycles 1 to 5.

From the data presented in the figures below, it can be con-
cluded that adding antistripping materials, increases adhesion
and cohesion in the mixture which don’t allow instant move-
ment of the asphalt binder from the surface of the aggregates.

Consequently, modified samples reveal more resistance against
moisture damage when subjected to more freeze-thaw cycles
when compared to the samples with no additives.

The results presented in this study suggest that using 2%
of PP material has significantly improved the resistance of
asphalt mixtures against moisture damage in comparison with
the control samples. Using 2% of the PP has caused the TSR
index, which is considered as the practical index for moisture
sensitivity in executive projects, to be more than the minimum
recommended value in most regulations (75%) and the prob-
lem of moisture sensitivity in the samples be removed from in
terms of regulations. Using 4% of the PP has also resulted in
further improvement in the resistance of the asphalt mixture
against moisture damage, but the difference between the sam-
ples with 2 and 4% PP is not significant. On the other hand, the
cost of materials and the problems of asphalt modification is
higher in the samples with 4% PP. So, it seems that using 2%
PP can be recommended as the optimum content of this sub-
stance as an antistripping additive in asphalt mixtures.

4.2 Results of the Experiments of the SFE

The results of the SFE of the asphalt binder and its compo-
nents with or without the usage of the PP material are shown in
the Table 4. Asphalt binder is a single phase mixture from dif-
ferent molecules. These molecules are categorized into polar
and nonpolar. Nonpolar molecules act as a system or a solvent
for the placement of the molecules; this issue has been caused
the creation of a weak system of polar-polar mixtures. This is
a reason for elastic behavior of the asphalt binder. Polar mole-
cules are monotonously distributed in the asphalt binder void
that based on the heat these weak bounds are broken and the
asphalt binder moves toward the transference to a Newtonian
fluid. Most of the generated molecule groups have an acidic
treat which makes the asphalt binder to be considered as an
acidic material. As it is shown in the Table 4, the acidic and
base component of the basic binder is 2.71 and 0.41 (ergs/cm?2),
respectively. Considering the asphalt mixtures prepared with
acidic aggregates and asphalt binder, the chemical characteris-
tics of these surfaces don’t allow the proper adhesion between
these two acidic materials; since the asphalt binder is acidic.

Coating is an ability of the liquids in contact with the sur-
face of the solid material that change the results of the contact
between two materials beside together. Although this concept
of adhesion has a different meaning according to some inves-
tigator’s idea, it can provide the necessary condition for adhe-
sion. From the data given in the Table 4, it can be interpreted
that using PP reduces the contact angle of asphalt binder which
causes the aggregates to be covered better with modification
with PP asphalt binder.

Most of the aggregates have surfaces with electric load that
makes a polarity on their surfaces. Asphalt binders that are
mainly composed of heavy molecules of hydrocarbon weight
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Table 4 Base and modified asphalt binder’s SFE components

Table 5 Base and modified asphalt binder’s SFE components

1

Asohalt binder Con}:rcl)t Asphalt binder ~ Asphalt binder

sphalt binder type aspha with 2% PP with 4% PP

binder

Contac angle with water 103.30 95.01 92.72
Contact angle with 85.84 75.54 73.38
glycerol
Contact angle with for-

ontact angle with for- 8134 68.59 65.48
maldehyde
Total fi

otal free energy 14.57 23.77 27.22
(ergs/cm?)
Non-polar free energy 12.46 2137 24.76
(ergs/cm?)
Polar fi

olar free energy 211 2.40 2.46
(ergs/cm?)
F idi fi

ree acidic surface energy 271 2.29
component (ergs/cm?) 1.87
F it

ree base surface energy 041 0.63 0.81

component

show less polar activity. Thus, the adhesion between asphalt
binder and aggregate in this case is composed of weakened
dispersed forces. It can be observed from the data given in
Table 4 that PP causes an increase in the amount of asphalt
binder’s non-polar SFE. Increase in non-polar components of
SFE makes covalent and non-polar links that might not easily
be broken in the presence of water.

The results showed that the addition of PP increased the
SFE of the basic part and decreased the acidic part of the SFE.
These factors caused adhesion between asphalt binder and
acidic aggregates.

The measurement of SFE components of asphalt binder
shows that the use of PP has led to decreased and increased
in the acidic and basic components of asphalt binder’s SFE,
respectively. Asphalt binder in the basic stage has acidic char-
acteristics that its adhesion to acidic materials, such as granite
aggregates, is complex. These changes in asphalt binder’s SFE
component, reduces the acidic properties and also increases
base properties which increases its adhesion to acidic aggre-
gates and improves its resistance when subjected to the water.

Comparison of the results shows that the addition of antist-
ripping materials increases the asphalt binder’s SFE. However,
it has also been proved in some studies that the addition of
antistripping liquid reduces the SFE [9]. The free cohesion

Aggregate  Total  Non polar Polar Base Acidic
type SFE component component component component
Granite 286.99 57.40 229.59 568.24 23.19
Limestone 286.52 98.90 187.62 570.32 15.43

energy for rapture is the energy needed with unite surface in
the asphalt binder membrane. According to the final results,
using PP has caused the probability of the occurrence of the
cracking in mastic to be decreased. The same results are found
in other investigations [38].

The aggregates SFE is measured using USD method and
the results are illustrated in Table 5. The results showed that as
expected, limestone aggregates that are considered alkali have
a bigger basic SFE component by contrast to the granite and
vice versa; granite has a bigger acidic component in compari-
son with limestone aggregates.

According to Good’s et. al. [39], the free cohesion energy
is positive and the higher positive amounts showed that a
better adhesion is provided. The results of the adhesion SFE
between asphalt binder and the aggregates before and after the
modification using PP, are shown in Table 6. These results are
estimated according to the measurements that are presented
in Tables 4-5 using thermodynamic principles. In all of the
samples, the asphalt binder-aggregate free adhesion energy
changes from a positive amount to a negative amount when
exposed to water. This process is previously expected to hap-
pen because water has a bigger SFE than asphalt binder. There-
fore, when asphalt binder, water and aggregate are in contact
with each other, water changes the system’s free energy to
reach a condition with the lowest energy level which makes
stripping happens. Because, the lower amount of free adhesion
energy with the presence of water, reaching the condition with
the lowest energy is occurred more rapidly. As it can be real-
ized from the Table 5, using PP has caused the free adhesion
energy of asphalt binder and aggregate to increase slightly;
this clearly shows that the tendency of the system for stripping
and reaching to the stable state with the lowest energy will
be decreased. The increase in the amount of PP has caused
this amount to be even more and the stripping potential to be
decreased. The absolute value of the free debonding energy is
shown in Table 6.

Table 6 Free adhesion energy (ergs/cm?)

Asphalt binder-aggregate

Aggregate Asphalt binder Asphalt binder-aggregate in the presence of water Water-aggregate  Asphalt binder-water
Base asphalt binder 138.14 -132.37 55.90
Granite Modified asphalt binder with 2% PP 149.84 -131.04 359.81 66.27
Modified asphalt binder with 4% PP 149.26 -134.50 69.15
Base asphalt binder 153.87 -130.14 55.90
Limestone Modified asphalt binder with 2% PP 170.46 -123.91 343.30 66.27
Modified asphalt binder with 4% PP 171.36 -125.90 69.15
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In addition to the free adhesion energy, the primary energy
amount needed for the stripping occurrence is also important.
Indeed, the primary amount of the energy for stripping equals
to an energy that should be consumed for removing asphalt
binder-aggregate free adhesion energy. From the Table 6, it is
clear that using PP additives has caused the aggregate-asphalt
binder free adhesion energy to be significantly decreased. The
increase in the amount of PP has caused this amount to be even
higher and the stripping potential to be decreased.

The determiner factor in the stripping is the amount of nec-
essary energy for the separation of the asphalt binder from the
surface of the aggregate. To determine this energy, the free
adhesion energy of the asphalt binder-aggregate (which its unit
is (ergs/cm?) should be multiplied by the contact surface of
asphalt binder-aggregate. The contact surface of asphalt bind-
er-aggregate is in fact the specified surface area of the aggre-
gates that is the contact surface of asphalt binder-aggregate.

The results of debonding energy are shown in the Table 7.
From the table, there is a larger amount of energy needed for
the stripping of aggregates from the asphalt binder in the pre-
pared samples with lime aggregates. This process shows that
the probability of the occurrence of the stripping in the sam-
ples which are cast with limestone aggregate is lower. Also,
using PP increases the energy needed for stripping when com-
pared to the samples prepared with basic asphalt binder. This
fact causes this expectance to be present that using PP causes a
higher resistance of asphalt binder against separation from the
surface of the aggregate.

High cost, high temperature sensitivity, low ageing resis-
tance, poor storage stability and limited improvement in elastic-
ity are among the challenges that researchers have encountered
in the field of asphalt modification with polymers. According
to the reports, ageing propensity, that could significantly chal-
lenge unsaturated polymers such as SBS, is caused by com-
bination of asphalt binder oxidation and polymer degradation.
The poor compatibility between polymer modifiers and asphalt
which is mainly determined by density, molecular weight,
polarity, solubility and other properties of polymers and asphalt
significantly contribute to the poor storage stability of some

polymers. It is believed that the polymer-asphalt compatibility
is also affected by chemical structure and reactivity of poly-
mers, which may have a direct relationship with the resulting
properties of polymers and modified asphalt. Saturation, sulfur
vulcanization, antioxidants, hydrophobic clay minerals, func-
tionalization and application of reactive polymers (which also
can be considered as new functionalized products) have been
proposed as solutions to the afore-mentioned challenges.

Isocyanate-based polymers such as PP are mainly known
as low-molecular-weight polyethylene glycol or polypropyl-
ene glycol. It is believed that chemical reactions with iso-
cyanate-based polymers, mainly at high temperatures, can
enhance some mechanical properties of asphalt binder. In the
presence of isocyanate groups, these polymers usually react
with hydroxyl groups in asphalt binder. When treated with
water, isocyanate groups and polymers tend to react with each
other to modify the asphalt binder at a higher degree. Research-
ers found that isocyanate-based polymers can increase the
viscosity of asphalt binder and improve its storage stability
and rutting resistance at high temperatures but are unable to
enhance the low-temperature properties as compared to SBS
modified asphalt binder. Furthermore, the reactions between
isocyanate-based polymers may also lead to the gelation risks
of modified asphalt binder.

5 Conclusions

Surface free energy method and indirect tensile strength
are conducted to evaluating the effect of using Polypropylene
as an additive aggregates on moisture damage of asphalt mix-
tures. By applying the proposed investigation, some important
results have been achieved as follows:
1.
mixture and don’t allow the asphalt binder removal from

Adding PP increases the adhesion and cohesion in the

aggregates surface and this leads to the fact that the mixtures
show a higher resistance against moisture after the cycles of
the freeze-thaw as comparison with the control mixtures.

2. The optimal dosage of antistripping incorporation var-
ies based on the type of aggregates and asphalt binder. Also
the experiments that are used for determination of moisture

Table 7 Debonding energy in stripping occurrence (ergs/gr)

Specified surface area of the

Asphalt binder-aggregate’s SFE Needed energy for he stripping of 1 gram

A te t Asphalt binder t
seregate bype sphait bmder type aggregate (cm?/gr) (ergs/cm?) aggregate (ergs/gr)
Base asphalt binder 138.14 3895476.567
Modified asphalt
149.84 4225418.659
Granite binder with 2% PP 28200
Modified asphalt
149.2 4209179.672
binder with 4% PP 9:26 09179.67
Base asphalt binder 153.87 4939096.129
Modified asphalt
170.46 5471743.756
Limestone binder with 2% PP 32100
Modified asphalt
171.36 5500499.878
binder with 4% PP 7 087
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susceptibility can be used for obtaining the optimum percent-
age of the usage of these materials. The optimum percentage of
the additive causes the creation of a layer on the molecules of
the asphalt binder which improves adhesion. But the increase
in the amount of the antistripping additive creates a second
layer that reduces the impact of the first layer.

3. The indirect tensile resistance of the modified samples
with PP whether in dry or wet condition has been increased.
This is due to the improvement in the free cohesion energy
of asphalt binder and also the free adhesion energy of asphalt
binder-aggregate.

4. Adding PP significantly increases resistance against mois-
ture damage and increases the amount of the indirect tensile
rate in the samples that are modified with this material in com-
parison with the control mixtures.

5. The use of PP material significantly increases the amount
of the total asphalt binder’s free non-polar surface energy com-
ponent. This increase causes non-polar bonds to not be easily
separated in the presence of water to be improved and also the
resistance of the asphalt mixture against moisture is improved.
6. Using PP increases asphalt binder’s free base surface
energy component and decreases its free acidic surface energy.
This issue increases the base characteristics of asphalt binder
that these factors cause a stronger adhesion between asphalt
binder and acidic aggregates that are susceptible to moisture
damage.

7. PP increases the SFE of the asphalt binder which indicates
the reduction of the rapture potential in asphalt binder mem-
brane and mastic.

8. Aggregates with high polar energy cause asphalt binder
to have a non-polar state, to cover aggregates with difficulty.
Modification with PP changes asphalt binder’s characteristics
and increases their coating ability.

9. Modification with PP increases the free adhesion energy
which tests the adhesion between asphalt binders and aggre-
gates and decreases the potential of separation of binder from
surface unit of the aggregate.

10. Using PP decreases the amount of rapture energy (free
adhesion energy) in the presence of water. This causes the sys-
tem to be at a more stable level in terms of thermodynamic and
it also decreases the stripping occurrence probability.

11. The performance of limestone against moisture in the
presence of water is relatively better than granite due to the
fact that it has higher free adhesion energy with asphalt binder.
Using PP has decreased the asphalt binder-aggregate’s SFE
when subjected to the water. This issue clearly exemplifies the
fact that the adhesion between asphalt binder and aggregate in
the presence of water has been increased and the probability
of moisture damage will be decreased. This increasing is more
revealing in the resistance of the samples made by granite
against the moisture damage.
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