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Abstract

In order to increase the life of the asphalt mixture and reduce the cost of the pavement life cycle, methods must be provided to
improve the quality. Accordingly, the effects of aggregate surface coating with hydrophobic material in order to modify the aggregate
mixture’s polar properties and reduce its hydrophilic properties are investigated. To this end, limestone and granite aggregates, 60-70
bitumen, and Two types of additives were used as the primary materials for the construction of asphalt mixtures. Thermodynamic
concepts with cyclic loading have been used to evaluate the effects of these additives. The results obtained in this study indicate that
the hydrophobic coating on the aggregate surface has increased the acidic components and decreased the alkaline components of
the surface free energy for both types of aggregates. These changes will increase the bitumen-aggregate adhesion and make a better
coating of bitumen on the aggregate surface. The results based on thermodynamic concepts suggest that the aggregate surface
coating has reduced the system'’s separation energy and the desire for stripping. The results of the dynamic modulus in wet to dry
conditions also approve this outcome. The combination of thermodynamic concepts and the cyclic loading results show that the
coating on the aggregate surface has reduced the aggregate’s stripping from bitumen. It is also obvious that the samples made with
granite aggregates, which have acidic properties, are prone to moisture damage and have a higher tendency to strip.
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1 Introduction

Moisture damage is defined as the loss of resistance and
durability in asphalt mixtures due to the influence of mois-
ture. This type of damage can be divided into two main
processes: adhesion loss, and continuity loss [1]. The bitu-
men layer is separated from the surface of the aggregate
due to the aggregate's higher propensity to absorb water
than bitumen. Loss of continuity is due to the changing
bitumen’s characteristics as a result of the interaction
between bitumen and water. This phenomenon causes the
separation of bitumen from the aggregate surface or fail-
ure in the bitumen membrane [2, 3].

The loss of adhesion is shown in Fig. 1 as the stages of
separation of bitumen from the aggregate due to the pres-
ence of water. In this figure, a drop of bitumen is in contact
with the aggregate surface, which is immersed in water
(Fig. 1(a)). As time passes, the contact angle (¢) between

the two materials (asphalt and aggregate) in the presence
of water increases (Fig. 1(b)). This process continues until
the contact angle becomes large enough that the bitumen
loses its contact with the aggregate (Fig. 1(c)) [4].
Aggregates with a high carbon content (hydrophobic or
alkali), such as limestone, are covered easier. This type of
aggregates contrary to aggregates with a high percentage
of silica (hydrophilic or acid), constitutes a stronger con-
nection with bitumen. One of the conventional methods to

Fig. 1 The schematic figure for stages of separation of bitumen from

the aggregate as a result of the presence of water [4]
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improve the moisture resistance is coating materials with
hydrophobic properties such as hydrated lime. In addition
to improve the resistance of asphalt mixtures against the
moisture damage, it does not have a negative impact on the
asphalt mixtures [5].

The resistance parameter ratio in wet to dry condi-
tions is a common parameter to determine the moisture
sensitivity of asphalt mixtures [6]. According to previous
researches, the best test available with most compatible
field results is the Lottman modified method according
to AASHTO T283 [1]. Despite the proper accuracy, this
method does not focus on measurements of fundamental
characteristics of materials. The indicator represents the
resistance of asphalt mixtures against the several various
mechanisms of damage in a number without interpreta-
tion. It cannot be said that what contributes to the asphalt
mixture's resistance against moisture so that the pavement
design engineer could redesign the asphalt mixture based
on those results [7, 8]. Therefore, in recent years, research-
ers have tried to offer methods based on the fundamen-
tal properties of asphalt mixtures. This can be very useful
in the new pavement design methods and considering the
effect of additives [9].

The need for a method to quantify bitumen-aggre-
gate-water adhesion based on the fundamental properties
of materials is essential. This paper tries to evaluate the
effects of modifying aggregates surface using thermody-
namic concepts. The thermodynamic concepts can lead
to the development of moisture damage prediction meth-
ods in addition to a series of new and efficient concepts to
predict the moisture damage in asphalt mixtures. These
methods, unlike mechanical experiments, take the dam-
age mechanisms based on the properties of formed mate-
rials into consideration and state the reason of poor mois-
ture resistance of asphalt mixtures.

1.1 Literature review

Bitumen and aggregate surface free energy (SFE) mea-
surement can lead to a model that can predict moisture
damage in asphalt mixtures [10]. Bitumen-aggregate
adhesion system in dry and wet conditions was calculated
in a study using the SFE theory and by measuring the
SFE components of bitumen, aggregate, and water [11]. In
another study, it was observed that the chemical and phys-
ical relationship between bitumen and aggregate is essen-
tial in measuring the moisture resistance of mixture [12].
In a study conducted on the use of SFE, measuring its
components and its application in the pavement industry,
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it was shown that SFE concepts could help choose the
most compatible bitumen-aggregate system based on their
adhesion and resistance to moisture damage [13]. Hefer
and Little [14] examined the role of different components
of the SFE in determining moisture sensitivity and hence,
could make a difference between different mixtures in
terms of performance in wet conditions.

Limited studies evaluated the use of anti-stripping addi-
tives on the moisture sensitivity of asphalt mixtures using
thermodynamic concepts [4]. Arabani and Hamedi [15]
investigated the role of aggregates surface polymer coating
to reduce the moisture damage of asphalt mixtures using
SFE and dynamic modulus. They determined the continuity
free energy of bitumen and bitumen-aggregate adhesion free
energy (AFE) by measuring the SFE components of bitu-
men and aggregate. The results of the SFE method showed
a good correlation with the results of laboratory tests. They
also investigated an indicator for determining moisture sen-
sitivity by the SFE method and their repetitive loading. The
results showed that the use of liquid anti-stripping additives
increased the total SFE of bitumen and reduced the strip-
ping of bitumen from the aggregate surface in the presence
of water [16]. Khodaii et al. [17] examined the influence of
Zycosil on the sensitivity of asphalt mixtures. The results of
the SFE method indicated that the use of this coating could
reduce the acidic properties of aggregates and improve the
bitumen-aggregate adhesion. Furthermore, some experi-
ments are conducted using polymers and nanoparticles to
investigate asphalt pavement's moisture properties [16, 18].

1.2 The SFE theory

The acid-base theory is one of the common methods to
explain the SFE of materials based on their molecular
structure [19]. According to this theory, the total SFE of
each substance based on forces of surface molecules is
divided into three components including the non-polar the
Lifshitz-van der Waals (LW) component, the Lewis acid
component, and the Lewis base component. The total SFE
can be obtained as follows:

r=r" 41, (M

where T is the SFE of the material, I is the non-polar
component of SFE, I*# is the polar component of SFE, I'"
is the acid component, and I is the base component. The
acid-base component is formed from the Lewis acid and
the Lewis base parameters.

FAB =2 1—~+F— (2)
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From the perspective of thermodynamics, cohesion free
energy AG/ is defined as the amount of energy needed to
create a crack at the unit level within a material. According
to the SFE, it is easy to show the total work of continuity
for various materials as follows:

wAC =or4. 3

That T is the total SFE of the desired material.
Continuity of bitumen is an important parameter used in
some of the fundamental equations of failure mechanics to
determine the energy required for the growth of very tiny
cracks in the mastic phase of bituminous mixtures.

The AFE (AG®), as previously defined, has two main
components: Polar or acid-base components and non-polar
or Lifshitz-Van der Waals components. Eq. (4) is used to
determine the AFE between bitumen and aggregates.

AGH = AG™ + AGHMP =
IwIw +1— -1+ (4)
=2 (\/rs r/ )+(\/rsr, )+(\/rsr, )

Where AG/ is the AFE, @G" a non-polar component
of AFE, @G’ is the polar component of AFE, I, T,
and '/ are the SFE components of bitumen, and T'", '~

and I'" are the SFE component of aggregates. For a mix-
ture of bitumen and aggregates, Eq. (4) is used to measure
the SFE components of bitumen and aggregates. Eq. (5) is
used to calculate the adhesion of bitumen and aggregates
in the presence of water. indexes 1, 2, and 3 represent the
bitumen, aggregate, and water, respectively. If the AFE
values are negative, the two materials tend to adhere to
each other. This tendency increases as the value become
more negative.

AGY, =Ty, ~Tys Ty =
(2F§W)+(4\/r§r; )—(2\/F1LWF§W )
—(z\/r;r; )—(2\/r1+r; )—(2\/W ) )
—(2\/r;r; )—(2\/r§r; )+(2W )
+(2 rrr;)+(2\/ﬁ

1.3 Statement and objectives

This study aimed to discuss the impact of aggregate sur-
face coatings on the moisture sensitivity of asphalt mix-
tures using the SFE concepts and dynamic modulus test in
dry and wet conditions. The most important objectives of
this study include:

* Measure and compare the SFE components of the
base and modified aggregates

» Investigate the effects of aggregate surface modifiers
on the bitumen-aggregate AFE and system separa-
tion energy

» Investigate the effects of anti-stripping additives on
the moisture sensitivity of asphalt mixtures using the
wet/dry dynamic modulus ratio

e Compare the results of SFE methods and dynamic
modulus in wet and dry conditions

* Calculate the stripping process of asphalt mixtures
by combining the results of the SFE method and the
dynamic modulus

2 Materials
2.1 Aggregate
Limestone and granite aggregates with different hydro-
philicity degrees are used in this study. Physical charac-
teristics and mineralogical structures of the aggregates are
presented in Table 1.

The granulation of the aggregates (Table 2) is the inter-
mediate range of the ASTM for the production of dense
asphalt mixtures.

2.2 Bitumen
The characteristics of the 60-70 bitumen prepared from
the Isfahan refinery are provided in Table 3.

2.3 Anti-stripping additives
Two types of mineral additives namely potassium methyl
silicate (PMS) and silane-siloxane (SS), are used as
anti-stripping materials to modify the surface properties
of aggregates and create better adhesion with the bitumen.
Both materials are used in the construction industry for
waterproofing. PMS is used to waterproof surfaces such
as concrete, brick, and plaster. Silicate reacts with carbon
dioxide in the air and forms a water-resistant and insolu-
ble coating within 24 hours. SS is a polar material that can
penetrate the pores of the surface after dissolving in water
and can create a hydrophobic layer on the surface. It is use-
ful for surfaces that are directly exposed to environmental
conditions such as rainfall.

3 Design and test description

Aggregates are initially divided into two categories of
base and modified aggregates in which the aggregate sur-
face is amended using the hydrophobic coatings. The SFE
components of bitumen and base and modified aggregates
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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/cm?) ASTM C 127 2.63 2.61 -
SSD specific gravity (g/cm?) 2.65 2.63 -
Apparent specific gravity (g/cm?) 2.68 2.67 -
Fine aggregate

Bulk specific gravity (g/cm?) ASTM C 128 2.62 2.60 -
SSD specific gravity (g/cm?) 2.65 2.62 -
Apparent specific gravity (g/cm?) 2.68 2.65 -
Specific gravity of filler (g/cm?) ASTM D 854 2.65 2.65 -
Los Angeles abrasion (%) ASTM C 131 32 22 Max 45
Flat and elongated particles (%) ASTM D 4791 9 6 Max 10
Sodium sulfate soundness (%) ASTM C 88 7 9 Max 10-20
Fine aggregate angularity ASTM C 1252 56.2 59.2 Min 40
mineralogical characteristics

pH - 7.8 6.7 -
SiO, (%) - 18.6 62.9 -
ALO, (%) - 3.2 13.4 -
Fe,0, (%) - 4.7 23 -
MgO (%) - 1.4 0.8 -
CaO (%) - 61.9 3.1 -

Table 2 Gradation of aggregates used in the study
Sieve (mm) 37.5 25 12.5 4.75 2.36 03 0.075

Lower- =100 90-100 56-80 29-59 19-45 517 1-7
upper limits
Passing (%) 100 95 68 44 32 11 4

Table 3 Characteristics of base bitumen used in this study

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 G'/sind
64 °C kPa 3.1 kPa
Test temperature °C Max 5000 G'.sind
25°C kPa 2950 kPa
Test temperature °C  Stiffness MPa 147 Mpa Max 300 MPa
—22°C m-value 0.3299 Min 0.30

are measured using the Wilhelmy plate and the universal
Absorption machine. Then, mix design is carried out to
determine the optimum bitumen content (OBC) of sam-
ples. In addition, the dynamic modulus test in dry and wet
conditions is performed with three replicates to determine
the moisture sensitivity of the asphalt mixtures. Finally,
the stripping process is discussed by combining the results
of the SFE and the dynamic modulus.

3.1 Aggregate surface modification with anti-stripping
materials

To improve the surface of the aggregates, the slurry of
anti-stripping materials and water is provided. The mass
mixing ratios of water and anti-stripping materials for
additives PMS and SS were 1:4 and 1:8, respectively. A
mixer at 200 rpm for 3 minutes was used to dissolve the
anti-striping materials in the water and prepare the slurry.
Then, the aggregates remain on the sieve of 2.36 mm were
immersed in the slurry and brought out after 2 minutes.
The coated aggregates were spread on the surface of a
steel mesh container for 1 hour to drain the preliminary
moisture content. Finally, the aggregates were put in the
oven at a temperature of 110 °© C for 24 hours. After the
evaporation of moisture, the volume of additives absorbed
on the surface of the aggregates were obtained.

3.2 Mix design

The Marshall mix design method was applied based on
ASTM D1559 to determine the OBC. Since the coating on
the surface of aggregates causes a change in the bitumen
absorption, mix design for the samples made with base
and modified aggregates was done individually.
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3.3 The dynamic modulus test

3.3.1 Preparation of samples

The AASHTO T283 is used to build the samples and put
them under conditions. For each compound, six samples
were made: three samples for dry condition and three sam-
ples for wet condition tests.

The samples were compressed to achieve the desired
air content. After condensation, their diameter, height,
real and maximum gravity, and air voids were measured.
Then, half of the samples in each group remained in dry
conditions, and the three other samples were kept under
wet conditions. To put the samples under these conditions,
they were initially saturated by relative vacuum condi-
tions (13—67 kPa) for five minutes. Then, while submerged,
they were held without vacuum conditions for 5—10 min-
utes until their saturation reach to 70—80 percent. The sam-
ples were kept in the freezer at —18 °C for 16 hours. Then,
they were put in a hot water bath at 60 °C for 24 hours and
finally reached to room temperature (25 °C).

3.3.2 Process of loading

The dynamic modulus test was carried at 25 °C with a
loading frequency of 1 Hz with a stress level of 200 MPa.
The dynamic modulus values were obtained using the
maximum amount of stress and strain in each cycle. The
dynamic modulus for each mixture in a particular loading
cycle is measured using Eq. (6). where, is the maximum
value of stress for a specific cycle and is the corresponding
value of strain in the same cycle.

* O hax
g = o ©)

max
After determining the dynamic modulus in wet and dry
conditions, the modulus ratio, which is considered to be an
indicator for moisture sensitivity in asphalt mixtures, were
obtained for each cycle according to Eq. (7). The higher
the K parameter, the more resistant is the asphalt mixture
under the simultaneous effect of traffic and moisture.
*
K= % x100 7)
dry
Where, E7  and E, represent the values of dynamic
modulus in wet and dril conditions, respectively.

3.4 Measuring the SFE components

The aggregate and bitumen SFE has been measured using
the Universal Sorption Device (USD) and the Wilhelmy
plate method, respectively, which was developed by
Bhasin and Little [20] and Hefer et al. [21].

3.4.1 Measuring the SFE components of the base and
modified aggregates

The USD indirectly determines the aggregate SFE using
gas adsorption by three solvents. At first, the aggregates
were dried and sieved. After washing in the wash cycle,
the aggregates were kept in the oven for 4 hours. The dried
aggregates were brought to room temperature and placed
in a desiccator. Upon cooling, the materials were placed
in USD using the aluminum grille holder. Three research
materials with specified SFE components (Table 4),
were required to create a set of three equations and three
unknowns and get the SFE components of a solid body.

For each of the liquids, Eq. (8) must be satisfied.

Wy =m, + 200 =

S e

In this equation, W, is the work of adhesion between

®

the aggregate surface (s) and vapor (v), [ is the SFE
for the total vapor of the research material, and z, is the
equilibrium distribution pressure related to the vapor of
research material on the aggregate surface. Equilibrium
distribution pressure related to the vapor on the aggregate
surface by isothermal adsorption is obtained using Eq. (9).

F,
re= [ L dp )
MAOp

In this equation, R is the universal gas constant, 7'is the
test temperature, M is the molecular weight of the research
material vapor, n is the mass of vapor adsorbed per unit
mass of the aggregate in the vapor pressure p, and 4 is the
specific surface area of the aggregate.

The specific surface areca of aggregates through the
BET classic relationship is obtained using the Eq. (10).

4 :(%jxa (10)

Table 4 SFE components of research materials to measure the SFE

components of aggregates (ergs/cm?)

SFE components (ergs/cm?)

SFE Total Lifshitz Acid-
components Van der Acidic  Alkaline

SFE Base

Waals

n-Hexane 18.4 18.4 0 0 0
Methyl Propyl
Ketone (MPK) 247 24.7 0 0 19.6
Water 72.8 21.8 51 25.5 25.5




In this equation, N, is Avogadro's number, a is the
image surface of a molecule, n  single-layer absorbent
capacity onto the surface of the aggregate. The number
of molecules needed to cover the aggregate surface in a
layer called "single-layer absorbent capacity onto the sur-
face of aggregate" is obtained by Eq. (11). In this equation,
S'and [ are the slope and length of the source graph, which
shows p / n (p,— p) versus p / p , respectively. Where p, p
and n are the partial vapor pressure, the maximum satura-
tion vapor pressure, and the mass of vapor adsorbed on the
mass of aggregate units, respectively.

n, =

S+1

Eq. (12) is used to calculate the non-polar components

of SFE using a non-polar solvent:
_ (m 21y’

Lw
& art”

(12)

A monopolar liquid (m) and a bipolar liquid (b) are used
to determine the acid-base components.

| me+2r, (87T )]

2T,

(13)

I =

2
LW LW LW
) [ne+2r1b—2(r2 i )-2(rirf )} 14)
rs= .
ars,

The total SFE of the aggregate is obtained by Eq. (15):
r=r4 +2(r;rg). (15)

3.4.2 Measuring the bitumen SFE components

The contact angle between bitumen and liquid were
obtained using the Wilhelmy plate. When a plate is sus-
pended in the air, Eq. (16) is used to determine the force
required to keep it in balance.

F= thlate + Wtasphalt - V'pair -8 (16)

is the

late

where P is the force required to hold the plate, wi,

weight of the metal plate, Wt is the weight of asphalt,

asphalt
V' is the volume of bitumen film, g is the local gravity

acceleration, and p is the density of air.
When the plate impregnated with bitumen is immersed
in a liquid, Eq. (16) becomes:

F=Wt, .. +Wt +PT'; cos6

plate asphalt

(17
_Vim'pL -8 _(V - Vlm )'pair’
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where P is the Perimeter of the plate impregnated with
bitumen, I', is the total SFE of liquid, & is the dynamic
contact angle between the bitumen and liquid, ¥, is the
volume of the immersed part of the plate impregnated with
bitumen, V' is the total volume of the bitumen film and p,
is the density of liquid. By combining the above two equa-
tions, the Eq. (18) can be obtained:

AF =BT c080 ~V,,.01-& +Vip-Puir-€ - (18)

By re-writing the above Equation in terms of the
unknown contact angle, and using the Wilhelmy plate:

(AF+ Vtm(pL _pair)‘g)
A, .

(19)

cosO =

The Good-Van Oss-Chaudhury Equation is used to
connect angle and SFE components:

Ty, (1+c0s0) = 2LV T )5 4 (1,15

(20)
(o)™ .

To get the passive components, at least three liquids
with precise SFE components are required. Water, glyc-
erol, and formamide, which their SFE components are
given in Table 5 were used to this purpose.

3.5 The combination of dynamic modulus test and SFE

Damage prediction in Schapery's theory can be validated
based on the repetitive loading tests theory. Moisture dam-
age of asphalt mixtures can be understood by calculating
the percentage of the aggregate surface that experienced
stripping in different loading cycles. The ratio of stiffness
modulus in dry to wet conditions can be same as the ratio
of bitumen-aggregate adhesion in dry and wet conditions.
This concept is shown in Eq. (21).

E* [AG,*(1-P) +AG,,P]|

wet  _ (21)
E*,, [AG,]

Table 5 The SFE components of research materials to measure the

bitumen SFE components (ergs/cm?)

SFE components

SFE Lifshitz
components  Tota] SFE  Vander Acid-Base Acidic Alkaline
Waals
Water 72.6 21.6 51 25.5 25.5
Glycerol 62.8 34 28.8 3.92 574
Formamide 58 39 19 2.28 39.6
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Where AG , is the bitumen-aggregate adhesion energy,
AGI}Z
of the system in a saturated condition, and P is the percent

is the separation energy or bitumen-aggregate energy

of the aggregate surface that experienced stripping.

Eq. (21) can be converted to Eq. (22) to test the strain-
controlled repetitive loading. All parameters of Eq. (22)
except P index can be obtained from thermodynamic con-
cepts with the help of the bitumen-aggregates SFE compo-
nents measurement and dynamic modulus testing.

O
E*wet — ( & jw@t — Eer — I:AGQ (1_P) + AG132P:| (22)

E*, (o—j €y [AG,]
€ Ja

4 Results

4.1 Aggregate surface coating

Table 6 expresses the mass ratio of coating absorbed on the
surface to the initial mass of aggregates. Data shows that
higher amounts of SS coating have been absorbed on the
aggregate surface. This phenomenon can be attributed to
the polarity of this material and its better interaction with
aggregates which have polar properties. Furthermore, it
is observed that the percentage of coating absorbed on
the surface of limestone aggregates is more than granite
aggregates. The main reason for this occurrence is the
porous structure of limestone aggregates compared to
granite aggregates.

4.2 Mix design

Results of mix design related to different types of asphalt
mixtures are presented in Table 7. As is evident, the use of
a coating on the aggregate surface has reduced the OBC.
The main reason for this occurrence is the decrease in
the surface pores which causes the bitumen to effectively
adhere to the aggregates. Moreover, the results presented
in this table show that samples made with limestone
aggregates have a higher OBC compared to those made
with granite aggregates. This is due to the surface pores of

Table 6 The amount of coating formed on the surface of aggregates (%)

Aggregate PMS SS
Limestone 3.1 3.8
Granite 2.1 2.4

Table 7 The OBC for different samples of asphalt mixtures (%)
Aggregate Uncoated PMS SS
Limestone 5.8 5.4 5.3
Granite 5.5 5.3 5.3

limestone aggregates, which ineffectively absorbs higher
amounts of bitumen compared to granite aggregates.
In samples made with modified aggregates, the OBC for
both types of aggregates are close to each other.

4.3 SFE components of materials

4.3.1 SFE components of bitumen

The SFE components of bitumen are presented in Table 8.
It is obvious that the acidic SFE component of bitumen is
higher than its alkaline component. This makes the adhe-
sion of the bitumen with relatively acidic properties to
acidic aggregates such as granite and quartzite to be elim-
inated by the presence of water and thus lead to stripping.
It is also clear that the nonpolar component of bitumen is
greater than its polar component and, bitumen is consid-
ered to be a substance with low polarity. The significant
links between bitumen and aggregates that are not bro-
ken in the presence of water are related to the adhesion
between the non-polar components of bitumen and aggre-
gates. These links will remain stable in the presence of
water, but the links formed between the polar SFE compo-
nents of aggregates and bitumen have a higher potential to
break in the presence of water.

4.3.2 SFE components of aggregates

The results of measuring the SFE components of the aggre-
gates presented in Table 9 show that aggregates generally
have higher alkaline components compared to acidic com-
ponents. Similar results were observed in previous studies
about acidic aggregates [22].

Table 8 The bitumen SFE components

Surface Free Energy components (ergs/cm?)

Bi Lifshitz
itumen
Total SFE Vander Acid-Base Acidic Alkaline
Waals
Result 15.89 13.69 2.20 2.58 0.47

Table 9 SFE components of the base and modified aggregates

SFE components (ergs/cm?)

Lifshitz

Aggregate type Alkaline Acidic Acid- Van der Total

Base Waals SFE
Granite 522.4 31.7 257.5 67.1 324.6
Granite + PMS 502.3 25.1 224.5 73.4 297.9
Granite + SS 525.3 29.4 248.6 65.8 314.4
Limestone 525.8 20.5 207.7 68.8 276.6
Limestone + PMS  506.9 19.3 197.7 80.5 278.2
Limestone + SS 531.2 19.2 202.0 65.2 267.2




The results show that the use of PMS coating, which
is a non-polar material, causes the acidic and alkaline
components of both types of aggregates to be reduced.
Furthermore, SS coating, which is a polar substance with
alkaline characteristics, has caused the acidic component
of the SFE for both types of granite and limestone aggre-
gates to be reduced. Inversely, the SS coating increases the
alkaline components of the aggregate SFE. This increases
the alkaline properties of the aggregates modified with SS
which increases its adhesion to bitumen, as a relatively
acidic material. Based on Table 9, it is observed that the
use of PMS as a non-polar substance increased the non-po-
lar components of SFE for both types of aggregates. In
reverse, the use of SS reduced the non-polar components
of the aggregate SFE slightly.

The results of total SFE are not very important, because
moisture damage occurs in bitumen membranes or on the
bitumen-aggregate contact surface. In fact, the total SFE
of aggregates is vital in determining the amount of energy
needed to create a rupture in the aggregate structure often
ignored in disruptions caused by the influence of moisture.

4.3.3 The AFE

The adhesion between different materials in dry and wet
conditions are presented in Table 10. The bitumen-aggre-
gate AFEs in dry conditions indicate that the use of PMS
improved the aggregate-bitumen adhesion in all samples.
This phenomenon can be due to the improvement of the
non-polar properties of the aggregates and formation of
better nonpolar links between them and non-polar bitu-
men. The use of SS in both types of aggregates has led to
a decline in the bitumen-aggregate adhesion. Increment or
reduction of the AFE is essential only in dry conditions
and is not a criterion to improve or weaken the moisture
performance of asphalt mixtures. Due to the constancy
of the bitumen, results of the bitumen-water AFE are the
same for all samples. Data indicate that both coatings have
reduced the desire for hydrophilicity in aggregates and,
acidic aggregates have the higher AFE and a greater desire
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for hydrophilicity compared to the granite aggregates.
The bitumen-aggregates AFE in wet conditions (separation
energy) is the most crucial parameter to determine strip-
ping tendency in asphalt mixtures. The use of both types of
coatings on the surface of aggregates has caused the value
of this parameter to be close to zero. This means that the
system is in a more thermodynamically stable condition,
and the probability of stripping has decreased.

4.4 Dynamic modulus ratio

The dynamic modulus ratios in wet and dry conditions
(K index), as an indicator to determine the moisture suscep-
tibility of asphalt mixtures, for samples made with limestone
and granite aggregates are shown in Figs. 2 and 3, respec-
tively. Data presented in these figures show that the K index
is always less than 100. This is expected because the effect

K (%)
3

—A— Limestone
—B—Limestone + SS
—O— Limestone + PMS

0 500 1000 1500 2000
Cycle

Fig. 2 The ratio of dynamic modules in samples made with limestone

aggregates

Fig. 3 The ratio of dynamic modulus in samples made with granite

aggregates

Table 10 The SFE components of adhesion (ergs/cm?)

Aggregate Bitumen Asphalt-Aggregate Asphalt-Water Water-Aggregate Asphalt-Aggregate in the presence of Water
Granite 131.14 57.26 364.24 -130.71
Granite + PMS 131.78 57.26 356.95 -122.14
Granite + SS 130.33 57.26 362.01 -129.43
AC 60-70
Limestone 130.22 57.26 354.80 -122.01
Limestone + PMS 134.06 57.26 353.50 -117.72
Limestone + SS 128.61 57.26 352.46 -121.65
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of water alters the properties of bitumen and decreases the
adhesion in the bitumen-aggregate contact surface which
reduces the modulus ratio of asphalt mixtures in wet condi-
tions. Table 10 also shows that the bitumen-aggregate AFE
in wet conditions is negative. This means that the system
releases energy during the stripping process. Based on the
thermodynamics concepts, the process that releases energy
is spontaneous and occurs under any circumstances.

The results presented in Fig. 2 show that the use of
the coatings on the surface of limestone aggregates has
increased the K index. This means that the dynamic mod-
ulus loss in wet conditions has declined compared to the
dry conditions. As a result of using water, the aggregate
surface coating has reduced the amount of resistance loss
in asphalt mixtures. The positive impact of the hydropho-
bic coating on asphalt mixtures has been evident in higher
cycle numbers. As it can be seen, the PMS modified sam-
ples have a better performance compared to the control
and the SS modified samples.

The K index in the samples made with granite aggre-
gates is lesser compared to the samples made with acidic
aggregates. Furthermore, it is observed that this index in
the samples made with granite aggregates has a steeper
downward trend compared to the samples made with lime-
stone aggregates. This represents a faster reduction in the
dynamic modulus in wet conditions for acidic aggregates.
The use of aggregates surface coating improves the per-
formance of asphalt mixtures made with granite aggre-
gates. Similar to the limestone samples, PMS had a better
performance compared to SS.

4.5 Stripping process

Figs. 4 and 5 show that the use of hydrophobic coatings
on the surface of aggregates has reduced the stripping
percentage of the aggregate surface in different loading
cycles. This means that aggregate surface coating does
not allow the moisture to penetrate the asphalt-aggregate
contact surface, and increases the moisture resistance of
asphalt mixtures. Moreover, results show that the granite
samples have worse moisture resistance compared to the
limestone samples. The stronger adhesion of basic aggre-
gates with bitumen as an acidic substance can be the main
reason for this occurrence.

It can be seen from the data presented in Figs. 4 and 5
that the slope of the stripping percentages against the load-
ing cycles diagram has an increasing trend. In fact, almost
all aggregates are bonded with bitumen in initial loading
cycles. The more the samples are exposed to wet conditions

50

—A— Limestone
—l—Limestone + SS

—o—Limestone + PMS

P (%)

0 500 1000 1500 2000
Cycle

Fig. 4 Stripping percentage of aggregates surface in the samples made

with limestone aggregates

50

—&— Granite
—— Granite + SS
—o—Granite + PMS

40

P (%)

0 500 1000 1500 2000
Cycle

Fig. 5 Stripping percentage of aggregates surface in the samples made

with granite aggregates

and repeated loading cycles, the higher the percentage of
stripping occurs. This causes a decrease in adhesion, and
with a reduction in the percentage of aggregates connected
and intensifies each other makes the moisture damage pro-
cess continues with a higher slope.

5 Conclusions

This study aimed to investigate the effects of aggregates
surface hydrophobic coatings on the stripping of asphalt
mixtures. The thermodynamic concepts and repetitive
loading tests have been used to analyze the impact of the
aggregate surface coating mechanism and study the per-
formance of hydrophobic coatings in reducing the mois-
ture damage of asphalt mixtures. The most important
results obtained through this study include:

* The use of non-polar hydrophobic coats reduces the
acidic and alkaline components of the SFE for both
types of aggregates.

* In both types of aggregates, the polar hydrophobic
coating causes the acidic and alkaline components of
the SFE to decrease and increase, respectively.

* The non-polar coating materials increase the aggre-
gates-bitumen AFE while the polar coating materials
reduce it.



» The use of both types of hydrophobic coatings on the

aggregate surface causes a reduction in the water-ag-
gregate AFE, which shows the amount of hydro-
philicity tendency of aggregates. This decline is more
evident in granite aggregates.

Coating the aggregates with hydrophobic materi-
als reduces the bitumen-aggregate AFE in wet con-
ditions. This means that the released energy in the
stripping process and thus the tendency of the system
to strip is reduced.

The wet/dry dynamic modulus ratio in the sam-
ples made with modified aggregates is higher. This
indicates that the hydrophobic coating increases the
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