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Abstract

In the current research attempts have been made to investigate the effect of various fillers on the resistance to mastic failure using
mechanical and thermodynamic methods. Two types of granite and limestone aggregates with acidic and basic characteristics were
used, respectively. Besides, four types of filler including calcium carbonate, hydrated lime, Portland cement and stone powder and two
types asphalt binder PEN 60-70 and PEN 85-100 were used. Calcium carbonate and hydrated lime had the most effect and Portland
cement and stone powder had the least effect on strength reduction. In addition, the results obtained by modified Lottman test
showed that the use of hydrated lime and calcium carbonate increased resistance to moisture damage. The results of correlation

coefficients show the necessity of using the effect of filler on cohesion free energy calculation in the surface free energy to investigate

cohesion failure in different asphalt mixtures.
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1 Introduction
Roads around the world have been widely paved using
asphalt concrete mixtures. Increasing axle loads, traffic
volume, construction and design errors cause major dam-
ages in asphalt pavement including rutting, fatigue, mois-
ture damage and low temperature cracking that reduce
the performance of pavements [1, 2]. Moisture damage
is defined as the reduction of strength and durability of
asphalt in the presence of water [3]. The mechanisms of
reduction in asphalt mixtures characteristics lead to mois-
ture damage in two main stages:

First stage: Diffusion process (the moisture makes its
way into the asphalt mixture as vapor or liquid)

Second stage: Response of the system (the loss of load
bearing capacity in materials constituting the mixture) [4—6].

The most important mechanisms which occur in the
second stage (response of the system) include:

Detachment: Separation of an asphalt film from an
aggregate surface by a thin film of water without an obvi-
ous break in the binder layer;

Displacement: Loss of material from the aggregate sur-
face through a break in the asphalt film and/or possible
separation of the aggregate/mastic interface;

Dispersion: Weakening of the cohesion in the asphalt
binder or mastic due to long-term diffusion periods and
loss of material due to the presence of flow;

Desorption: washing away of the outer layers of mastics
due to the presence of flow;

Spontaneous emulsification: Inverted emulsion of water
droplets in binders [7-9].

Considering the above mentioned mechanisms, it is
observed that in the second stage (response of the sys-
tem), mastic cohesion strength and/or the aggregate-binder
adhesion reduces. Therefore, some of the mentioned mech-
anisms such as spontaneous emulsification and disper-
sion mechanism can affect mastic cohesion and therefore,
moisture sensitivity through chemical and thermodynamic
together with chemical processes, respectively, which lead
to cohesion failure [4, 10, 11].
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Moisture damage is a complicated phenomenon.
The chemical and physical properties of asphalt mix-
tures including the chemical compounds of mastic and
the aggregate, surface properties, mineralogy and qual-
itative and combined properties of filler affect the speed
of its occurrence [12]. Despite the mentioned importance
of the impact of materials used in the asphalt mixtures on
the adhesion failure mechanism, previous researches did
not pay much attention to the influence of mastic types on
the effective factors in the occurrence of cohesion failure.
In the thermodynamic studies, the Surface Free Energy
(SFE) components of asphalt binder are used to calculate
the cohesion free energy of asphalt binder, adhesion free
energy of asphalt binder-aggregate and debonding energy
of asphalt binder-aggregate [13]. However, failure occurs
in mastic, not in asphalt binder. Also, in failure of adhe-
sion and debonding, attention should be paid to the com-
ponents of the SFE of mastic. However, in the relationships
provided according to previous studies, the components of
SFE of asphalt binder are used. Accordingly, this research
tried to investigate the effect of different fillers on cohesion
free energy in two different conditions; a) considering the
components of SFE of asphalt binder and b) considering
the components of SFE of mastic.

Research studies conducted by Kanitpong and Bahia [14]
on measuring cohesion strength using dynamic shear
rheometer show that tensile strength of asphalt mixture
is closely related to cohesion. In addition, the presence of
moisture in cracks and empty connected spaces in asphalt
mixture under traffic loading leads to the fast water flow
into the mix and the continued flow of water in the mastic
can have erosion effect on mastic and causes mastic parti-
cles to be detached from each other. In this process, mastic
cohesion plays a significant role in this type of moisture
damage [8]. Therefore, changes of mastic cohesion strength
can affect the better control and performance of asphalt
mixtures against moisture damage. Tan and Guo [15]
investigated the SFE of asphalt binder using sessile drop
method, and the SFE of fillers was measured using column
wicking method. The results of their study show that the
control asphalt binder has higher cohesion free than the
modified asphalt. Alvarez et al. [16] focused on the analysis
of the filler effect on asphalt—aggregate interfaces of HMA
based on thermodynamic properties (i.e., measurements of
SFE, SFE, performed on asphalts, mastics (asphaltfiller
combinations), and aggregates).

One of the methods to change mastic cohesion strength
is changing the consumed filler. Faheem and Bahia [17]
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approved that the type of the filler’s minerals and its con-
centration can affect stiffness of the mastic. Additionally,
the filler-binder interface has an important effect on rhe-
ological properties and stiffness of the mastic. This inter-
face is different in various types of fillers and binders [18].
In another research in which the effect of filler proper-
ties (the amount of roundness, length to diameter ratio and
etc.,) on cohesion strength of asphalt mixtures was eval-
uated, it was found that these properties have a signifi-
cant effect on cohesion strength (at low temperature) [19].
Moreover, research on filler made by treated fly ash with
Silane coupling agent (compound fly ash modifier) show
that using this filler causes an increase in indirect tensile
strength (ITS) and an increase in load bearing capacity. It
has also a positive effect on creep and increases fatigue
life in asphalt mixtures [20]. Accordingly, the conducted
research studies indicate the undeniable effect of filler on
asphalt mixtures properties.

In the majority of cases, the mechanical tests have been
used in such research studies to investigate properties of
asphalt mixture. In spite of the simple and useful results
obtained by mechanical tests, these methods do not focus
on measuring the main properties of materials related to
moisture damage and the represented indictor shows the
resistance of asphalt mixture to several different dam-
age mechanisms [21]. As cohesion and adhesive strength
of asphalt mixtures is based on thermodynamic concepts
related to SFE properties of materials (filler, binder and
aggregate), therefore, the characterization of these con-
cepts can be a great help with selecting materials resistant
to moisture sensitivity and can investigate the role of dif-
ferent components of asphalt mixture [22].

Since the experimental design includes assessment of
work of cohesion, based on SFE, (i.e., cohesion free energy)
a more comprehensive state of the art needs to be docu-
mented on the analysis of mastics based on SFE.

The most important desired goals and objectives of the
current research include:

Investigating the amount of changes occurred in cohe-
sion free energy parameter as a result of adding fillers to
binder, and comparing this parameter in two states of base
binder (without filler) and mastic (with filler);

Investigating the effect of filler type on moisture sen-
sitivity of asphalt mixtures through laboratory tensile
strength tests (Pull Off method);

Investigating the effect of filler type on moisture sen-
sitivity of asphalt mixtures using laboratory modified
Lottman test;
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Determining the correlation between cohesion strength
of asphalt mixtures and moisture sensitivity tests in two
different states. In the first state by considering mastic
SFE (binder and filler) and in the second state by consider-
ing SFE of binder, and finally, comparing these two states.

2 SFE method

As adhesive and cohesion failures in moisture damage of
asphalt mixtures are directly related to surface proper-
ties of the utilized materials, SFE method can provide an
appropriate way to select materials resistant to moisture
sensitivity [22]. The work of adhesion and surface ener-
gies play a vital role in adhesion and in understanding the-
ories of adhesion [23].

SFE is defined as the amount of work done to create a
unit area of new surface of the material in a vacuum [24].
SFE of a single-phase material is expressed based on
polar and non-polar components of that material SFE as
follow [25]:

yTotal — yDispersive + 7/speciﬁc . (1)

Where, 9™l is total SFE of a single phase material,
yPiversive shows dispersive forces (Lifshitz-Van der Waals
forces) and y¥e¥< shows forces related to specific inter-
actions.

As SFE of materials is consisted of three separate com-
ponents based on the origin of the intermolecular forces,
it can be written according to acid-base components as
follows [26]:

Vi= 71'/w + 7iAB . )

Where y, is total SFE, y/ is Lifshitz-Van der Waals
components of SFE and y*# is polar component of SFE.

v =2Jr"r" 3)

Where, y," and y,” are acidic and basic components of
SFE respectively.

yTotal :yLW +2 ’y+7/7 (4)

The parameters of Eq. (4) are previously defined.

The relationship between Gibbs free energy (G), sur-
face energy (y) and work of cohesion () is obtained
based on Eq. (5).

We=-AG =v, ®)

Where, W¢ is work of cohesion, AG ¢ is Gibbs energy of
cohesion and, y, is total SFE.

In order to better understand this issue, the equation
between work of cohesion and SFE of a bulk material is
presented in Fig. 1.

3 Laboratory program

In order to attain the intended research goals, the labo-
ratory program was implemented based on the Fig. 2 In
addition, in order to increase the accuracy of laboratory
data, cach sample was tested with three replicates.

3.1 Materials

In order to prepare specimens with different compounds,
limestone and granite aggregates with middle gradation,
based on ASTM D3515-01 standard [28], were used in the
current research. Two types of aggregates were selected
to evaluate the effects of acidic and basic properties on
moisture damage performance. In addition, two types of
60—70 and 85-100 penetration grade binders were used.
The optimum binder content was obtained 6 % and 5.5 %
for limestone and granite aggregates based on Marshall
mix design test, respectively. The results of the prelimi-
nary tests show that the use of 3.5 to 5 % of the additives
used in this study had the best performance in reducing the
moisture damage of asphalt mixtures. Due to the compar-
ative analysis between control and modified asphalt bind-
ers, in this study, 4 % filler was used in all samples. 4 %
filler content for each filler type including stone powder,
calcium carbonate, hydrated lime, and Portland cement
were used in this research. Stone powders are powder of
granite and limestone aggregates that used in this study.
The details of mixtures with different compounds are pre-
sented in the following Table 1.

3.2 Moisture sensitivity tests

3.2.1 Mechanical tests

Pull Off test

The results of research conducted by Copeland et al. [29]
show that Pull Off test is an acceptable method to mea-
sure cohesion strength for determining durability against

Bulk Material Work required to W= the Surface Energy of the
Energy split Solid=W Two New Surfaces
W=y,+7
y £

Fig. 1 Thermodynamic cohesion process [27]
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Table 1 Materials properties used in this study

Mixture

Aggregate

Mastic

1

Nl N - T V. L N VS I 5]

1 J e S S
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Limestone

Granite

AC 60-70 without additives
AC 60-70 with stone powder
AC 60-70 with hydrated lime

AC 60-70 with calcium carbonate
AC 60-70 with Portland cement

AC 85-100 without additives

AC 85-100 with stone powder
AC 85-100 with hydrated lime
AC 85-100 with calcium carbonate
AC 85-100 with Portland cement

AC 60-70 without additives
AC 60-70 with stone powder
AC 60-70 with hydrated lime

AC 60-70 with calcium carbonate
AC 60-70 with Portland cement
AC 85-100 without additives
AC 85-100 with stone powder
AC 85-100 with hydrated lime
AC 85-100 with calcium carbonate
AC 85-100 with Portland cement

moisture. This test measures coupling and tensile strength
of binder adhered to a steel plate. The basis for this test is
that the pressure required for detaching conditioned spec-
imens is obtained at 25 °C using pneumatic adhesion test.
The tensile rate in this test is about 66 kPa/s. With consid-
ering the conducted research on Pull Off test by research-
ers, it was observed that the failure type in this test varies
from cohesion failure under dry conditions to adhesive or
mixed failure under wet conditions. In addition, when the
thickness of asphalt binder film on the aggregate surface
is high, there is cohesion failure and when the thickness
of the asphalt binder film is low, there is adhesive failure
[30, 31]. Accordingly, Fig. 3 represents the mastic under
test in this research, which has been conducted with dif-
ferent types of fillers on the aggregate surface. During the
test, asphalt binder samples were considered under wet
conditions and the thickness of the asphalt binder film was
selected in a way that failure occurs in the asphalt binder
film. Four moisture conditioning, the asphalt binder sam-
ples are kept in the freezer at —18 °C for 16 hours. Then,
the specimens are transferred to water bath at temperature
of 60 °C for 24 hours. Then, the specimens are kept at
room temperature (25 °C) for 24 hours.
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(@ (b)

©
Fig. 3 Pull Off tensile strength test

Modified Lottman test (AASHTO T283)

The modified Lottman test is used to determine the mois-
ture sensitivity of asphalt mixtures. In this test, first 6
specimens (62.5 x 100 mm) were prepared with 7+ 0.5 %
air void. Then, half of these specimens were being under
moisture conditioning in order to determine the potential
of resistance to moisture. Finally, the ratio of ITS of con-
ditioned specimens to dry specimens under loading with
a rate of 2 in/min at 25 °C is presented as an indicator to
evaluate moisture sensitivity.

To apply moisture conditioning, the intended speci-
mens are saturated by creating partial vacuum for 5 min-
utes. Then the mass of specimens is measured and their
saturation percentage is obtained to be 70-80 % using
Eq. (6). After this stage, the saturated specimens are kept
in the freezer at —18 °C for 16 hours. Then the specimens
are transferred to water bath at temperature of 60 °C for
24 hours, and at the last stage the specimens are kept at
room temperature (25 °C) for 24 hours.

Saturation percentage of specimens is obtained by Eq. (6):

’

o Loo(w, ~17,)

PE - ©)
100

Where, s’ is saturation percentage, W, is mass of the

SD
saturated surface dry sample after vacuum saturation, W,
is mass of the dry sample, P is the percentage of air voids,
a
and E is the specimens volume.
The indirect tensile value at the time of specimens' fail-

ure is obtained by Eq. (7):

2000F
tnd

ITS =

™)

Where, ITS is indirect tensile strength of the specimens
(kPa), F is the amount of failure moment force (N), t is the
thickness of the asphalt specimen (mm), and d is diameter
of the asphalt specimen (mm).

After obtaining tensile strength of specimens under wet
and dry conditions, the final result for moisture sensitivity
or stripping potential is obtained by dividing the mean of
the ITS of wet samples to that of dry ones as follows:

TSRz[ITSW"'JXIOO. ®)
IT.

dry

Where, TSR is the ratio of indirect tensile strength,
ITS,, is the mean of /7S of wet specimens (kPa) and /TS iy
is the mean of /7S of dry specimens (kPa) [32].

If the obtained value for TSR is less than 80, the mix-
ture is considered as moisture susceptible [33].
Thermodynamic tests
There are several methods to obtain thermodynamic param-
eters of materials. In the current research the SFE param-
eters of binder and mastic were obtained using Wilhelmy
Plate (WP) method that developed by Bhasin [34] and
Hefer et al. [35]. Before explaining WP technique, equa-
tions of this test are presented in the following:

Considering Young-Dupree equation, when a drop of lig-
uid is placed on a solid object the following equation exists:

Ysv =Vs + 71y €080 . ©)

Where, y, and y,, are the surface free energies of 'S" and
'L’ when they are separated in a vapor medium 'V, y, is the
interfacial energy between these materials and 6 is contact
angle of a probe liquid, L, in contact with a solid, S.

On the other hand, the following equation exists between
two materials' work of adhesion:

Woa=vs+V,~ Vs (10)

Where, W, is work of adhesion between L and S, y, and
7, are SFE of S or L, and y, is interfacial energy between
the two materials in contact.

Wy =2[\/Y§an N +\/y;72] an

Where, y is the nonpolar component, y* is the Lewis

acid component and y~ is the Lewis base component. In
this equation, the solid represented by suffix 'S' is the
asphalt binder under consideration and the liquid repre-
sented by suffix 'L' is any probe liquid.



By integrating Egs. (9) and (10), Eq. (12) is obtained:
Wy =7, (1+cos0). (12)

Where, y, is SFE of material L.

Finally, considering the obtained formula, the adhesive
free energy can be written based on the SFE components
as follows:

7,0+ CO80) =2 YTy E +\rsvs v |- (13

Where, y* is, y~ is and y*" are acidic, basic and non-polar

components of SFE, respectively.

WP method

In this test, a thin glass is coated by binder uniformly, and
then it is immerged in a specific solution. After that, it
is withdrawn from the container at a slow and constant
speed. At the same time, the contact angle between binder
and liquid is measured. This process is shown in the Fig. 4.
As illustrated, two types of contact angles are formed
during withdrawal and immersion of the plate into the
solution. Finally, the amount of 8 in Eq. (13) is obtained
using WP method [36].

As mentioned before, this technique is based on kinetic
forces equilibrium, therefore, 6 is obtained using this
method according to the following stages:

When a plate is suspended in the air, the following
equilibrium equation is used to determine the amount of
required force to keep it in equilibrium state.

F WPIare + VVaspha/t V’pair -8 (14)

Where, F is the required force to keep the plate stable,
W, is the weight of plate, W

Plate asphalt
binder, V is the binder plate volume, g is the local accel-

is the weight of asphalt

eration of gravity, and p  is the specific weight of the air.

The following equation is used when the plate soaked in
the binder is immerged in the liquid:

F=Ww,

Plate

+ I/Vmphalr V'pair g

(15)
~(V=V,,)Pur-g&+P.p,.g.cos0

im

4
Advancing
/ contact angle

Coated plate \

Liquid
solvent

0

Immersion process
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Where, P, is the perimeter of plate soaked in binder, p,
is the total SFE of liquid, # is the dynamic contact angle
between binder and test liquid, ¥, is the volume of the
immerged part of the plate soaked in binder, V" is the total
volume of the binder plate, and p, and p_ are the specific
weight of the test liquid and air, respectively. The parame-
ters of Eq. (15) are previously introduced.

By subtracting the Egs. (14) and (15) from each other

Eq. (16) can be obtained:
AF =Pp,gcosO -V, .p,.g+V, .p..-g - (16)

Where, AF is difference forces in the air and the water,
and other parameters are previously defined.

Finally, by writing the above equation in terms of 6
Eq. (17) is obtained:

AF+V:mg(pL _pair)
By,

cosf =

a7)

The parameters of Eq. (17) are previously defined.

Therefore, by measuring the contact angle between
the plate coated with binder and at least three different
research liquids, 3 different angels are obtained. Finally,
by substituting # in Eq. (13) and forming the system of
linear Eq. (18), SFE components are obtained. Then, the
total SFE in Eq. (4) is calculated using the obtained com-
ponents. It is worth mentioning that usually three liquids
including water, formamide and glycerol are used in this
test. The thermodynamic parameters of these liquids are
presented in Table 2.

4, 4, 4| X Y
4, 4, 4| X, |=|L
Y

A3 1 A32 A33 X 3

zWA_JyT, A (18)
i Vii
XW JZ s=\rs

Y, =1+cos#,
t
Coated
plate \
Receding
contact angle
Liquid o
solvent

Withdrawn process

Fig. 4 WP dynamic method for advancing and receding contact angles
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Table 2 Surface energy properties of the solvents (ergs/cm?)

Solvents
Solvents
Y, Vi Vg V4 Vi
Water 72.8 51.0 25.5 25.5 21.8
Glycerol 64.0 30.0 574 3.92 34.0
Formamide 58.0 19.0 39.6 2.28 39.0

4 Results and discussion

4.1 Direct tensile strength with Pull Off test

By investigating the presented results in Figs. 5 and 6, it
can be concluded that although in the previous researches
often adhesive failure occurred by considering condition-
ing process on binder, in the current research the failure
occurred in the form of cohesion mechanism even after
conditioning of binder. Also, the same behavior could be
observed in both types of granite and limestone aggre-
gates with different mastics against tensile force, indi-
cating this issue. Therefore, filler properties have a sig-
nificant effect on resistance against tensile force, and

Pull Off stregth (MPa)

Limestone Granite

® Asphalt binder ™ Stone powder ® Hydrated lime  ® Calcium carbonate  ® Portland cement

Fig. 5 Tensile strength values on the control asphalt binder and different
mastics (AC 60-70)

0.8

06 -

Pull Off strength (MPa)

04 -

0,2 1

0 -

Limestone Granite

®Asphaltbinder ~ ®Stone powder @ Hydrated lime M Calcium carbonate  ® Portland cement

Fig. 6 Tensile strength values on the control asphalt binder and different
mastics (AC 85-100)

generally, adding filler to binder causes a reduction in
mastic cohesion strength. In addition, by relative compari-
son of different fillers, it is observed that stone powder and
Portland cement fillers had a less effect on reducing cohe-
sion strength, but calcium carbonate and hydrated lime
showed the most effect and the least resistance against ten-
sile force, respectively. Finally, in more exact investigation
it is observed that the minimum value of Pull Off is related
to the hydrated lime filler in asphalt binder 60—70 by 48 %
reduction in cohesion strength, while the minimum value
of this parameter was assigned to calcium carbonate filler
by 29 % reduction in cohesion strength in asphalt binder
85-100. According to the results, it can be seen that the
role of filler in reducing cohesion strength is more sensible
in asphalt binder 60—70.

4.2 ITS test

The ITS test results in dry and wet conditions for differ-
ent samples with two different types of asphalt binders are
provided in Figs. 7 and 8.

1200

Indirect Tensile Strength (kPa)

Stone powder | Hydrated Lime| Carbonate Portland Stone powder |Hydrated Lime| Carbonate Portland
Cement Cement

Limestone

=Dry =Wet

Fig. 7 ITS values for 85-100 pen binder (AC 85-100)

1200

Indirect Tensile Strength (kPa)

Stone powder | Hydrated Lime| Carbonate Portland Stone powder |Hydrated Lime| Carbonate Portland
Calcium Cement Calcium Cement

Limestone Granite

=Dry ®Wet

Fig. 8 ITS values for 60-70 pen binder (AC 60-70)



According to the data of Fig. 7, it is clear that the use
of different fillers (hydrated lime, calcium carbonate and
Portland cement) increases the ITS of the samples in
samples made with 60—70 asphalt binder for both types
of limestone and granite aggregates in dry conditions.
Meanwhile, hydrated lime filler has the greatest effect on
the increase of ITS in both types of limestone and granite
samples. Finally, it can be observed that the ITS in granite
aggregates is more than limestone aggregate. I'TS of gran-
ite aggregates in wet condition has been severely reduced
due to the high hydrophilicity of minerals in granite aggre-
gates compared to limestone aggregates. In other words,
due to the aggregate-forming minerals, the high percent-
age of SiO, minerals in granite aggregates increases their
hydrophilicity in the presence of water, and finally, asphalt
binder is easily separated from the surface of aggregates;
Therefore, strong bonds in granite aggregate with dry con-
ditions are lost in the presence of moisture, and a great
decline in the strength of the group is created, while lime-
stone aggregates have a better strength to wet conditions
due to their hydrophilic properties.

It can be seen from the data of Fig. 8 that the increase of
ITS in dry conditions is also due to the use of different fillers
in samples made with 85—100 asphalt binder. In relation to
this type of asphalt binder, calcium carbonate filler has the
greatest effect on the increase of ITS in both samples made
of limestone and granite. Also, similar to the previous, the
ITS of granite aggregates is greater than that of limestone
aggregate. The use of hydrated lime and calcium carbonate
fillers increases strength to wet conditions and the effect of
improving the strength with the two filler types mentioned
is more remarkable in limestone aggregate. Also, the per-
centage increase in strength in this state is higher than the
increase in strength in dry state. Finally, it is observed that
the use of Portland cement filler has a negative effect on ITS
in wet conditions in limestone and granite aggregates. It can
be seen that the use of different fillers increases the ITS in
samples made with 85-100 asphalt binder, and unlike 60—-70
asphalt binder that use of Portland cement filler does not
have an effect on ITS, the increase of strength to limestone
aggregate with Portland cement filler has been observed
in 85-100 asphalt binder. Also, the use of calcium carbon-
ate has the greatest effect on samples made with 85-100
asphalt binder. This is while the highest strength is obtained
in 60—70 asphalt binder using hydrated lime.

Considering the presented results in Figs. 9 and 10, it is
observed that hydrated lime and calcium carbonate fill-
ers has caused an increase in the resistance to moisture
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Fig. 10 TSR values for 85-100 pen binder (AC 85-100)

sensitivity. Of course, this does not hold true with regard
to mixtures containing granite aggregate together with
asphalt binder 60—70, and in this case the mixture contain-
ing stone powder filler has the maximum value. However,
in contrast to the above mentioned fillers, mixtures con-
taining Portland cement show a different behavior, and this
filler has shown a suitable resistance to moisture only in
mixtures containing limestone and asphalt binder 85-100
by 18 % increase in TSR. Of course, other fillers in this
group has also a significant increase in TSR value com-
pared to the base state, in a way that, in comparison to the
base state, hydrated lime and calcium carbonate fillers have
the maximum increase by 33 % and 30 %, respectively;
and using filler in this group has been more effective. In
addition, it is observed that compounds composed of lime-
stone aggregate with both types of binder have almost the
same behavior with hydrated lime and calcium carbonate
fillers, and the numerical value of TSR in both types of
binder is 96 % and 94 %, respectively.
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As the types of minerals constituting aggregate have
a significant effect on moisture sensitivity, in the pre-
sented results it is observed that granite aggregates show
less strength. This is due to the high percentage of silicon
dioxide SiO, minerals which increase water absorption of
granite aggregate. In contrast, limestone aggregates have
a high percentage of calcium oxide CaO mineral which
increases water desorption of aggregate.

4.3 Cohesion free energy of binder

Results of measuring cohesion free energy components of
binder and mastic used in the current research are shown
in Fig. 11. As shown, generally, adding filler to binder
causes a reduction in cohesion free energy (except in mix-
tures containing stone powder together with asphalt binder
60-70) and this reduction rate in asphalt binder 6070 is
more than asphalt binder 85-100. Of course, this issue
holds also true with regard to the results of Pull Off test.
In comparison of mastics, the maximum reduction rate of
cohesion free energy to the base state in asphalt binder
60-70 is related to the hydrated lime filler by about 42 %.
However, for asphalt binder 85-100, calcium carbonate
filler has the maximum reduction in cohesion free energy
by about 28 %. Also in this case, the reduction of strength
rate is almost equal to the reduction of strength rate in Pull
Off test. In addition, it is observed that in asphalt binder
60—70, mastic containing stone powder filler has the max-
imum amount of cohesion free energy by 3 % increase to
base binder. Whereas in specimens made by asphalt binder
85-100, mastic containing Portland cement filler by 1.5 %
reduction to the base state has the maximum amount of
cohesion free energy amongst mastics.
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energy

The cohesion free energy of the asphalt binder is strongly
related to the cracking characteristics of asphalt mastics and
mixtures. The cohesion properties of the binder and mastic
determine the fracture resistance of asphalt mixtures [37].
Cohesion is considered to be a parameter with a dual effect;
its increase leads to improvement of resistance to moisture
damage of cohesion type in the one hand and is consid-
ered to be a positive effect, and reduces the wettability of
binder on aggregate surface and is considered to be a nega-
tive effect on the other hand. The higher and more positive
the value of spreading, is the greater the work of adhesion
would be compared to the cohesion energy of the adhesion.
A negative value of spreading represents a finite contact
angle and zero corresponds to final equilibrium (Eq. (19)).

spreding = W eion _ peohesion a9)

For this reason, increasing cohesion free energy cannot be
a sufficient reason to improve moisture sensitivity of asphalt
mixture. Therefore, results of cohesion free energy cannot
be compared with modified Lottman test results. The com-
parison between direct tensile test results with the results of
cohesion free energy obtained by WP method is presented
in Fig. 12. A significant relationship is observed between
the results of two tests. By increasing the cohesion free
energy of mastic or binder, tensile strength is also increased.
Of course, the following relationship exists when the occu-
rred failure in Pull Off test is of cohesion failure type [38].

4.4 The relationship between cohesion free energy and
Pull Off test

As mentioned before, different mechanisms play a role
in moisture damage process. It is noteworthy that some
of the parameters such as mastic cohesion strength affect
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several mechanisms simultaneously indicating the exis-
tence of relationship between these mechanisms. For
example, the thickness of asphalt binder film on the aggre-
gates (mastic cohesion has a main role in its determina-
tion) can affect the amount of bearable force and failure
type (cohesion or adhesive) and therefore, the mechanisms
related to cohesion and adhesion. In this regard, the high
thickness of asphalt binder film in asphalt mixtures causes
an increase in the possibility of cohesion failure and frac-
ture in mastic. Therefore, improving mastic properties can
control failure type and affect positively cohesion failure.
However, it is observed that, in previous research the total
free energy of the binder is used twice as much to investi-
gate cohesion free energy of mastic, and mastic properties
are not considered in calculations [15, 16]. Accordingly,
the current research aims at exactly investigating the
effects of filler on cohesion properties of mastic. In addi-
tion, attempts have been made to statistically investigate
the relationship between cohesion free energy of binder in
two states a) considering the effect of filler, and b) without
considering the effect of filler using Pull Off test results.
Results of the correlation between cohesion free energy
and results of Pull Off test are presented in Table 3; in
the first group (model 1) 4 base specimens and in the sec-
ond group (model 2) 16 specimens contain different fill-
ers. This investigation shows that the adjusted correlation
coefficient between cohesion free energy and Pull Off
test results has increased from 0.68 in 4 base compounds
(without filler) to 0.92 in 16 compounds with filler. This
significant difference in the adjusted correlation coeffi-
cient shows that using filler in determining cohesion free
energy of binder has a better relation with Pull Off test.
Accordingly, it is suggested to use SFE of mastic com-
ponents instead of SFE of binder components in calculat-
ing parameters of cohesion free energy, aggregate-binder
adhesive free energy, and debonding energy.

5 Conclusions

Considering the important role of filler in different mecha-
nisms of moisture damage in asphalt mixtures, in the cur-
rent research attempts were made to investigate the effect

Table 3 Correlation between cohesion free energy and Pull Off test in

two groups
Model N R square Adjusted R~ Std. er.ror of
square the estimate
1 0.889 0.790 0.685 0.63462
2 0.960 0.922 0.917 1.70206
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of filler type on moisture sensitivity of various asphalt mix-
tures. In addition, by comparing the relationship between
Pull Off test results and those of SFE method attempts
were made to investigate the effect of filler on both tests.
Then considering that filler and binder in asphalt mixture
are responsible for aggregates adhesion and cohesion in
an integrated way, it was tried to statistically analyze the
work of cohesion of asphalt binders with and without filler
using results of Pull Off test.

The most important results obtained in line with the

current research goal include:

* Generally, the use of hydrated lime and calcium
carbonate fillers has caused an increase in TSR in
the modified Lottman test (except in mixtures con-
taining granite aggregate together with asphalt
binder 60—70). In this case, hydrated lime filler is
the most effective one. However, mixtures contain-
ing Portland cement show a different behavior, and
this filler has shown a suitable resistance to moisture
only in mixtures containing limestone and asphalt
binder 85-100 by 18 % increase in TSR. Of course,
in this group (limestone and asphalt binder 85-100),
hydrated lime and calcium carbonate fillers have the
maximum increase compared to base state by 33 %
and 30 % increase, respectively. In addition, it is
observed that compounds composed of limestone
aggregate with both types of binder have almost the
same behavior in hydrated lime and calcium carbon-
ate fillers, and the numerical value of TSR in both
types of binder is 96 % and 94 %, respectively.

* The use of various fillers has caused a reduction in
cohesion strength and as the result of this reduc-
tion, in contrast to the previous research, the failure
occurred in Pull Off test is cohesion type in the par-
ticular testing conditions.

* The cohesion free energy in AC 60-70 samples is sig-
nificantly higher compared to AC 85-100. It appears
that viscosity is effective in increasing Pull Off val-
ues of asphalt binders.

» Investigating Pull Off tensile strength, it is observed
that stone powder and Portland cement fillers have a
less effect on cohesion strength reduction, but cal-
cium carbonate and hydrated lime show the maxi-
mum effect and the minimum resistance against ten-
sile force. In addition, hydrated lime filler in asphalt
binder 60—70 by 48 % reduction and calcium carbon-
ate filler in asphalt binder 85-100 by 29 % reduction
have the minimum cohesion strength.
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* Thermodynamic investigation show that the reduction

rate of cohesion free energy by adding filler to asphalt
binder 60—70 is more than asphalt binder 85-100.
For asphalt binder 60-70, stone powder filler by 3 %
increase to the base state has the maximum amount of
cohesion, and hydrated lime filler by 42 % reduction
has the minimum amount of cohesion. In specimens
made by asphalt binder 85—100, Portland cement filler
and calcium carbonate have the maximum and mini-
mum amount of cohesion free energy amongst mas-
tics by 1.5 % and 28 % reduction to the base state,
respectively. The results of this study coincide with
the study by Caro et al. [39]. The results of their study
show that the biomaterials contain several hydropho-
bic and hydrophilic functional groups that modified
the chemical properties of the asphalt binder.

Increase in the total free energy cause to increasing
in the cohesion free energy and decreasing in the
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