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resistance, moisture susceptibility, and fatigue life of asphalt mixtures prepared from
the modified binders were measured by using the Cantabro test, Hamburg wheel-
tracking test, and four-point beam fatigue test, respectively. The results of performance
tests for the asphalt mixtures are employed to verify the findings of BBS and SFE tests
for the modified binders. It is found that the modified BBS test provides a promising tool
for evaluating the bond and healing properties of modified asphalt binders, and the
SFE could help to explain the mechanism of binder modification. The testing results
indicate that gilsonite enhanced the bond strength and surface energy of asphalt and
high-density polyethylene significantly improve the healing performance.
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Abstract

Asphalt modifications could contribute to the moisture susceptibility and fatigue resistance of asphalt
mixtures. The study in this paper aims to investigate the effects of various asphalt modifications on the bond
and healing properties of modified asphalt binders, as well as the mechanism of changes caused by the
modification. Five modified asphalt binders were prepared in the laboratory for this study, including the
SBS-modified asphalt, crumb rubber-modified asphalt, TB rubberized asphalt, high-density polyethylene
(HDPE)-modified asphalt, and gilsonite-modified asphalt. A modified binder bond strength (BBS) test was
applied to evaluate the bond and healing performance of five modified binders, at both dry and wet conditions.
The surface free energy (SFE) test was conducted on the modified binders to investigate the changes in the
cohesion/adhesion energy due to the binder modification. In addition, the ravelling resistance, moisture
susceptibility, and fatigue life of asphalt mixtures prepared from the modified binders were measured by
using the Cantabro test, Hamburg wheel-tracking test, and four-point beam fatigue test, respectively. The
results of performance tests for the asphalt mixtures are employed to verify the findings of BBS and SFE
tests for the modified binders. It is found that the modified BBS test provides a promising tool for evaluating
the bond and healing properties of modified asphalt binders, and the SFE could help to explain the
mechanism of binder modification. The testing results indicate that gilsonite enhanced the bond strength and
surface energy of asphalt and high-density polyethylene significantly improve the healing performance.

Key words: asphalt bond; healing property; surface free energy; mixture stripping resistance; fatigue-healing

performance.

1 Background

Ravelling and moisture damage that are two types of main distresses of asphalt pavements, are
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mainly attributed to inner cohesion failure of asphalt binder and/or adhesion failure at the interface of
asphalt binder and mineral aggregates. Due to the traffic loading and environmental influence (e.g.
moisture damage and oxidative aging), microcracks initial in the binder and binder-aggregate interface
and gradually develop into macrocracks as the pavement service time increases. It is also known that
with a rest time, asphalt materials have the ability to heal microcracks because of the viscoelasticity
nature of asphalt binder. Part of the bonding failure caused by the initiation and propagation of
microcracks could be restored within an available healing process of asphalt binder. Besides,
mechanical loading from traffic has an effect of re-bonding asphalt binder and aggregates under certain
conditions, and the meso cracks inside asphalt mixture even can close due to the binder flowability at
high pavement temperatures.

Many studies reported the bond and healing behavior of asphalt binders. In which, four main
theories are used to explain the asphalt bond mechanism, including the mechanical theory, chemical
reaction theory, surface energy theory, molecular orientation theory!l. For the mechanism of asphalt
healing, the fracture surface energy theory, capillary theory, and interfacial diffusion theory are typically
employed. Among those studies, the surface free energy (SFE) of asphalt binder and aggregates is
mostly used and being considered as a very promising indicator in identifying the cohesive and adhesive
energy of the binder-aggregate system(@-8l. The contact angle measured by using the Wilhelmy plate
(WP) or Sessile drop (SD) methods!™ is employed for calculating the SFE components of both asphalt
binder and mineral aggregates, allowing for evaluating the moisture susceptibility of the asphalt mixture.

The SFE measurement has been conducted to investigate the moisture susceptibility of asphalt
mixture and to select asphalt binder and/or aggregates in some researches. For instance, the SHRP-A-

3410 reports the analysis of adhesion between asphalt binder and aggregate and the SFE. In which both
3
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the WP method and sorption method were conducted for the analysis. However, the calculation method
used in that study is not easy to follow, neither the stripping resistance was included. Chengl®!
investigated the SFE of asphalt-aggregate system and correlated it with the performance of asphalt
concrete. Through the study of asphalt-aggregate adhesion at both dry and wet conditions it was found
that the SFE results were consistent with the findings from the mixture accelerated moisture damage
testes. Bhasin[*l compared various aggregates in the SFE measurements and found that those aggregates
showed significant differences in the adhesion energy when they were applied with the same asphalt
binder. Jonathan? studied the influence of polymer-modified asphalt on the moisture damage of
asphalt-aggregate systems. Wasiuddin et al.'*®l investigated the compatibility ratio (CR) of different
asphalt-aggregate combinations and proposed to use the SFE to screen the asphalt-aggregate
combinations. In addition, many other studies!*I**-1 reported the influence of different binder
modifiers on the moisture susceptibility of asphalt mixes. It is also confirmed that the SFE theory could
be useful for determination of optimum combination of asphalt-aggregate system.

While, only few studies focus on quantitatively ranking the bond and healing properties of various
modified asphalt binders. Most of those published studies report research methods of the DSR fatigue
test7112% or four-point bending (4PB) test!?!?2] for investigating the healing performance of asphalt
binders and mixtures. In those fatigue-based healing tests, the binder/mixture samples are subjected to
cyclic loading and healing. During the healing period, the specimens were rest at certain environmental
conditions without mechanical loading?l. The binder/mixture properties (e.g. modulus and peak load)
at each load cycle were recorded for analyzing the healing performance. It is noticed that the fatigue-
based healing tests are very time-consuming, and the repeatability of testing data has a big concernin a

long period. In recent years, the newly developed binder bond strength (BBS) test has become popular
4
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in assessing the bond property of asphalt emulsions and modified asphalt binders®!?%] since the simple
instrument used in the test and its ability of rapidly measuring the bond strength of asphalt-aggregate
combination. The BBS test was originally designed for the coating industry and now it has been
introduced into the asphalt industry as a standard test method in ASTM D 454189 for estimating the
bond properties of asphalt binder. Several researchers?®1®1 have reported that the BBS test could offer
direct and quick measurement of bond strength at the asphalt-aggregate interface.

In this study, the BBS tests were employed for investigating the bond and healing properties of
five representative modified binders, including the SBS-modified asphalt, crumb rubber-modified
asphalt, TB rubberized asphalt, high-density polyethylene (HDPE)-modified asphalt, and gilsonite-
modified asphalt. The optimum dosages of these five types of binder modifiers were determined based
on the measured pull-off tensile strength (POTS) at both the dry and wet conditions. In addition, the
SFE tests were conducted on these modified asphalt binders to understand their mechanism of changing
the bond and healing properties of base asphalt binder. The Cantabro loss test, Hamburg wheel-tracking
(HWT) test, and 4PB fatigue-healing test were performed on the mixtures prepared with these modified
asphalt binders to evaluate the their ravelling resistance, moisture susceptibility and fatigue healing
property, respectively. These mixture testing results are used for verifying the findings obtained from

the BBS and SFE tests of modified asphalt binders.

2 Objectives

The main objectives of this study are as following:
1. To evaluate the cohesive/adhesive properties and the healing performance of five

representative modified asphalt binders;
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2. To investigate the mechanism of bond and healing properties of modified asphalt binders
including various modifiers; and

3. To verify the findings of binder bond and healing properties from the BBS tests through
assessing the corresponding mixture performance tests, including the ravelling resistance,

moisture susceptibility, and fatigue healing property.

3 Experimental
3.1 Materials

In this study, a PG 64-22 base asphalt and five commonly used binder modifiers were selected for
preparing the modified asphalt binders in the laboratory. The modifiers, including the linear SBS, crumb
rubbers, HDPE, and gilsonite, were applied at various dosages for the modification. Compared to the
traditional crumb rubber-modified asphalt, the TB rubberized asphalt has a lower viscosity and better
storage stability due to its specialized producing process, in which the crumb rubber is devulcanized at
high temperatures and mixed with asphalt binder at high shear speed with an extended period during
the modification. The Iranian gilsonite used in this study has a good compatibility with the base asphalt.
The mixing conditions for these modified binders are listed in Table 1. It should be noted that all the
modified binders were used for testing within 4 hours after they were produced in order to eliminate the
influence caused by the possible inhomogeneity. For the mixtures and the aggregate substrates, basalt
was chosen for its wide usage in road engineering projects.

Table 1 Summary of the selected asphalt and experimental dosages

Binder Types Modified Asphalt Formulation | Dosages of Modifiers (%0)

Base asphalt — —

. Linear SBS (varying dosages)
SBS-modified asphalt 15,3.0,45,55,6.0,7.5
+0.15% Sulfur

6
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Crumb rubber 5,10, 15, 18, 20
Rubber asphalt
TB rubber 5, 10, 15, 18, 20
HDPE-modified asphalt HDPE 2,4,6,8
Gilsonite-modified asphalt Gilsonite 4,8,12, 20,24
3.2 Methods

3.2.1 Binder bond strength (BBS) test

In this study, the BBS test was modified for assessing the binder healing property through
introducing a cyclic pull-off tests with a healing setting between two standard testing procedures. The
five types of laboratory prepared modified asphalt binders and basalt aggregate were used to prepare
the asphalt-aggregate systems for BBS tests. The pull-off stubs were employed to apply an asphalt film
at a thickness of 0.2mm (Figure 1-a) on the basalt aggregate substrate at a temperature of 150°Cand then
cooled down at room temperature. Detailed information for test sample preparation has been reported
in the previous research?. The prepared asphalt-aggregate test samples were divided into two sets: one
is for measuring the cohesion at dry condition and the other is for the adhesion at wet condition. The
dry condition for testing samples was at 25°Cfor 24 h. The wet condition included the curing of samples
in the water at 40°C for 24 h. The pull-off tensile strength (POTS) was measured using the Positest AT-
A apparatus (Figure 1-b). In general, the testing samples that were cured under the dry condition showed
the cohesive failure (Figure 1-c) while the samples after the wet conditioning showed the adhesive

failure (Figure 1-d) due to the moisture damage.
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Figure 1 (a) Stubs and (b) Positest AT-A apparatus and (c) cohesive failure and (d) adhesive failure and (e)
samples with marks

In order to applying for the healing procedure during the modified BBS test, the original locations
of stubs were marked before the initial pull-off test (Figure 1-e) and the stubs were immediately placed
at their original locations after the each pull-off cycle with a constant pressure applied on them. Then
the tested asphalt-aggregate combinations were cured at different conditions for restoring the bond
strength within the binder and/or between the binder and aggregate. For the testing samples in the dry
conditioning set the healing condition was in the thermostatic chamber at 40°C for 12 hours. For the
wet conditioning set the healing condition was in the water at 25 °C for 12 hours. The asphalt-binder
combinations were pre-conditioned in the air at testing temperature of 25°C for 30 minutes before re-
testing their POTS. In total, the asphalt-aggregate combinations were subjected to five healing cycles,
and their bond strength after each healing cycle was measured. Thus, a healing ratio (HR) for each cycle
could be calculated by using the equation (1). For each type of testing samples, three replicates were

measured for the POTS values.

_ POTSHealing—i > loo(y
S ()

HR; POTSipitial @
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where,
HR,;— the healing ratio after i-th healing cycle;
POTScaling-i— the pull-off tensile strength after i-th healing cycle (MPa);

POTS;,;;i,— the initial pull-off tensile strength (MPa).
3.2.2 Surface free energy (SFE) test

According to the acid-base theory, the surface free energy of any material can be divided into three
components based on the types of surface molecular forces: the non-polar component y*" (also
known as van der Waals force or dispersion force component), Lewis acid component y*, and Lewis
basic component y~. The SFE of the material y can be calculated according to equation (2):

yzyLW_l_yAB:yLW_l_zW (2)

According to the Young-Dupre equation, the adhesion work between the solid (aggregate) and
liquid (asphalt binder) can be written using equation (3):

Wis = y;(1 + cosB) 3
where, W, represents the adhesion energy of asphalt-aggregate system; y; represents the SFE of the
asphalt binder; and 6 represents the contact angle measured between the asphalt binder and aggregate.
(1) Cohesion energy of asphalt binder (Wy;)

The cohesion energy of the liquid is defined as the work required for dividing a single liquid column
into two parts along the unit cross sectionl®2. Therefore, the cohesion energy (W;) of a liquid can be
calculated using equation (4):

Wll = Zyl 4

wet
Isw

(2) Wet adhesion energy of asphalt-aggregate system (W
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Due to the higher adhesion energy between the water and aggregate, the bonding between asphalt and
aggregate can be replaced by water, the work required for replacing asphalt binder is calculated using
equation (5). A larger absolute value of W}'¢! indicates a lower resistant to stripping.

Wiget = Wy, + Wy, — Wi — 21, (5
where, subscript w refers to water, and
W;,—the interfacial energy between liquid-water;
Ws,—the interfacial energy of solid-water;
yw—the SFE of the water.
(3) Compatibility ratio (CR)

Dallas et al.*®¥l introduced a parameter “compatibility ratio (CR)” to illustrate the moisture

susceptibility of asphalt-aggregate system, in which the wettability of the asphalt over the aggregate is

considered (as calculated in equation (6)). A higher CR value indicates a better adhesion performance

of the asphalt-aggregate system and a lower moisture susceptibility.

Wis—Wny

wet
Wlsw

CR= (6)

® SFE of modified asphalt binders

To calculate the cohesion energy of asphalt binder, wet adhesion energy of asphalt-aggregate

system, and the compatibility ratio, the SFE components (LW, acid, and base) of modified asphalt

binders were measured through solving the hyperstatic equations (7). In this study, the Wilhelmy plate

(WP) method was used to obtain the advancing contact angle between the probe liquids (distilled water,

formamide, glycerol, and ethylene glycol) and the modified asphalt binders. Four replicates were tested

for each type of probe liquid.

10
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where, 6,, 8,, ..., 8, refertothe contactangle between the iy probe liquid and asphalt binder; and

subscript L1, L2, ..., Ln refer to the ix probe liquid.
® SFE of aggregate

The or Sessile drop (SD) method was employed for measuring the contact angles between the
basalt aggregate substrate and three probe liquids (distilled water, formamide, and ethylene glycol), and
their results were used to calculate the SFE components of basalt aggregate using equation (7). The
detailed sample preparation and the testing procedure have been reported in other studies®¥. Three

replicates of samples with each probe liquid were tested.

3.2.3 Cantabro loss test

Cantabro loss test was conducted on the asphalt mixtures in accordance with the standard method
AASHTO TP 108-14. The asphalt concrete samples were conditioned at 25°C for 20 h prior to the test
and then subjected to 300 revolutions in the Los Angeles abrasion testing machine at a rotating speed
of 30rpm. The mass loss rate of the samples was calculated for determining the ravelling resistance of

asphalt mixture. Four replicates were tested for each type of mixture.

3.2.4 Hamburg wheel-tracking (HWT) test

The HWT test in accordance with the AASHTO T 324-14 was performed to evaluate the moisture
susceptibility of asphalt mixtures. In this study, the samples were tested at 50°C in the wet condition until

the wheel pass reaches to 20000 passes or the rut depth reaches to 20 mm. The “stripping inflection

11
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point (SIP)” index was obtained, which is defined as the number of wheel load passes at the intersection
of creep slope and stripping slope and signifies the onset of mixture moisture damage. Two replicates

were tested for each mixture.
3.2.5 Four-point beam (4PB) mixture fatigue-healing test

To study the healing performances of the mixtures, the modified 4PB fatigue test with an
introduced healing period was conducted. The beam samples were subjected to dynamic four-point
bending under the strain-control mode at a microstrain level of 1000 with a loading frequency of 10 Hz
at 25°C. During the healing period, the specimens were cured at 50°C for 4h and afterward 25 °C for 24
h. The traditional N failure criterion was chosen for the analysis of the mixture prepared with base
binder while the N failure criterion was employed for the mixtures prepared with the modified
asphalt binders. Since it has been reported that the Nwwm failure criterion is more suitable for asphalt
mixtures with modified binderstI8l, The healing ratio of fatigue life for asphalt mixtures is calculated
by using equation (8). Three replicates were tested for each mixture.

HR4PB=%?; x100% (8)
where,
HR,pg— the healing ratio of the asphalt mixture;

Neaner— the fatigue life after healing;

Niinitia— the initial fatigue life.

4 Results and discussion
4.1 BBS and SFE tests results of asphalt binders

The BBS test was performed to investigate the effects of different modifiers and their dosages on the

12
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asphalt bond strength and healing property. Two healing conditions (dry and wet) and five healing cycles
were investigated. From Figure 2 to Figure 12, the POTS and HR values of different asphalt binders are
plotted separately. For each binder, only two healing POTS and healing ratio values in the 1st and 5th healing
cycle were presented and discussed. Also, the cohesion energy (W;;), wet adhesion energy (W,%¢) and
compatibility ratio (CR) of each asphalt binder derived from SFE test were also shown and analyzed. The
error bar was omitted since the COV values of the testing results were less than 15% for all tested asphalt
binders. It should be noted that since only one aggregate type (basalt) was selected in this study, the following

results may be limited to this asphalt-aggregate system.

4.1.1 Effects of linear SBS modification

4.0 100%

35

80%
3.0
mmm POTS of Initial Pull-off

25

60% =mPOTS after 1st Healing Cycle

2.0 ==2POTS after 5th Healing Cycle

%

40%

Healing Ratio

15 ~e~ Healing Ratio after 1st Healing Cycle

Pull-off Tensile Strength (MPa)

1.0 —a4- Healing Ratio after 5th Healing Cycle

%
20%
0.5

)
-
>

0.0 0%

Base 1.5% 3.0% 4.5% 55% 6.0% 7.5% Base 1.5% 3.0% 45% 55% 6.0% 7.5%
asphalt asphalt

Dry Wet
Healing@40°C Healing@25°C

Linear SBS Dosage

Figure 2 BBS test results of linear SBS-modified asphalt.
Figure 2 shows the BBS test results of linear SBS-modified asphalt. The POTS and HR values of
linear SBS-modified asphalt are lower than those of the base asphalt, which manifests that linear SBS
modification harms the bonding strength and healing properties. It is also seen that POTS and HR

decrease with the increase of healing cycles. There is a notable drop in POTS values after the first

13
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healing cycle. After that, the POTS values decrease in a much less range. This suggests the healing is a
long-standing behavior after multiple fractures. Besides, the HR values in the dry condition are always
higher than those in the wet condition, indicating the existence of water interferes with the asphalt
binder healing process.

As for the effects of modifier dosage, under dry conditions, the initial POTS and HR peak when
3.0% linear SBS is added. For wet conditions, the initial POTS peak at 3.0% dosage while HR remains
similar for different dosages. Therefore, it is recommended that 3.0% as the optimum SBS dosage in

terms of bond and healing properties.

0.8
17.68
16.13 17.04 16.13 15.08

15.0 : 13.74
£
5 0723 0.715 0713 0.715
S 0.689 0.5%8 2
& 59 0.686 : 07 5
> o
S . . - - - - 2
] Base A 19% 3.0% 45% 5.5% 6.4% 7.5% 3
3 -50 =
— Q.
I 0.6 IS
Q o
3 (@]
8
F
5-15.0
[%5]

05
-25.0
290 -28.30
it -29.02 : Ll
-30.68 29.34 -30.22 31.14
-35.0 04

Linear SBS Dosage
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Figure 3 SFE test results of linear SBS-modified asphalt.

Figure 3 shows the SFE test results of linear SBS-modified asphalt at various dosages. The trend
of modification on the cohesion energy W, is found to be consistent with the changes of POTS of SBS-
modified asphalt at dry condition, as well as their healing ratio. It is also found that the changes in the wet
adhesion energy W%t and CR fall in the same trends as those of POTS and HR at wet condition,
respectively. These results indicate that BBS tests could match the principle changes of cohesion/adhesion

energies of SBS-modified asphalt binders.
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The POTS of SBS modified asphalt at a dosage level of 1.5% shows a lower value than the base
binder at dry condition. And its cohesion energy is also lower than the base binder. This is because of
that the SBS polymer could not generate a stable grid structure enhancing the cohesive strength of
asphalt when the dosage is relatively low. Meanwhile, at low dosage level the SBS macromolecules
may cause an issue of inhomogeneity in the binder, which might result in stress concentration in the
modified asphalt binder. On the other hand, SBS modification increases the viscosity of binder, leading
to its poor flowability, which reduces the opportunity of asphalt to fully recreate the cohesive bond. In
the dosage range of 3.0%~4.5%, SBS polymer could disperse uniformly in base asphalt and formulate
grid structure through the cross-linking reaction. Some saturates and aromatics in asphalt enter into the
SBS network, which changes the component proportion of asphalt. The proportions of saturates and
aromatics decrease while those of asphaltene and resin increase, which contain the most chemically
active components, such as asphaltous acid, asphaltous acid anhydrides, and other polar components,
which promotes the cohesion energy and strength of asphalt to some extent. When the SBS polymer
content is higher than 6.0%, the cohesion strength and healing performance of modified binder are
negatively affected due to the separation of SBS modifier and the increased viscosity of asphalt.

The trend of W;%¢t follows the POTS change of SBS-modified asphalt under the wet condition.
The SBS polymer itself does not adhere to aggregate, and the large molecules makes it difficult for
aggregate to adsorb SBS-modified asphalt, leading to the fact that SBS-modified asphalt is prone to be
stripped from aggregate by moisture. In addition, its large molecules limit the asphalt movements,
resulting in a relatively lower healing capability. Furthermore, it is observed that the index CR could
illustrate the variation of asphalt healing performance. CR reflects the asphalt wettability in wet

condition, which determines whether asphalt can penetrate the microstructure of the aggregate surface.
15
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Higher CR implies that asphalt could recover the aggregate surface after adhesive fracture in the

presence of water.

In consideration of bond strength as well as healing performance, it is concluded that 3.0%~4.5%

is an optimum range of SBS dosage in terms of the results of BBS and SFE tests.

4.1.2 Effects of crumb rubber modification
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Figure 4 BBS test results of crumb rubber-modified asphalt.
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According to Figure 4, crumb rubber has a negative effect on the asphalt binder bonding, which is

similar to the SBS modifier. The POTS values decrease with the increase of crumb rubber dosage. The

reason for this phenomenon is that the homogeneity of asphalt is seriously affected by the rubber with

relatively larger particle size. Besides, the crumb rubber particle itself is not adhesive and could not

provide extra bond strength between the asphalt and aggregate. In contrast, it occupies the area on the

surface of aggregate which could be taken by asphalt binder.

It is also noted that crumb rubber-modified asphalt has much lower HR values at wet conditions

in comparison with dry conditions, demonstrating that the healing property of crumb rubber-modified

16



1 asphalt is vulnerable to moisture. This is because that the existence of rubber particles causes a rugged

2 fracture surface after pull-off failure, and the gap between the cracks make the interface between asphalt

3 and aggregate prone to be intruded by water, interfering the asphalt infiltration to the aggregate.

©CO~NOOOTA~AWNPE

4 Cohesion Energy =IWet Adhesion Energy -e-Compatibility Ratio
5 Figure 5 SFE test results of crumb rubber-modified asphalt.
6 However, no obvious regularity was found in the results of the SFE test according to Figure 5. This
7  is because of the effect of rubber particles on the smoothness of the glass slide surface and the sample
8  with a rough surface is prone to cause inaccuracy of test results. Figure 6 shows the comparison of the
9  glass slide with a rough surface (crumb rubber-modified asphalt) and the one with a smooth surface

10  (other asphalt).

11 (@) (b)

12 Figure 6 The appearance comparison of glass slides between (a) crumb rubber-modified asphalt and (b) other
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1 asphalt.
2 To ensure the accuracy of the SFE test results, the surface of the prepared slide coated with asphalt

3 should be as smooth as possible, any bubbles or granular substances attached to the slide should be

©CO~NOOOTA~AWNPE

4 avoided. For this reason, SFE is not a suitable measurement to evaluate the bond properties of crumb
5  rubber asphalt-aggregate combinations.
6  4.1.3 Effects of TB rubber modification
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8 Figure 7 BBS test results of TB rubberized asphalt.
9 Figure 7 shows that TB rubber also negatively effects the bond and healing performance of asphalt.
10  10%~15% could be considered as the optimum dosage since the POTS and HR values of TB rubberized
11  asphalt show preferable bond and healing performance within this concentration range.
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Figure 8 SFE test results of TB rubberized asphalt.

The SFE test results in Figure 8 show obvious regularity and consistency with the results of the

BBS test. The accuracy of the SFE test results on TB rubberized asphalt could be ensured due to its

much finer rubber particles and superior storage stability. 15% TB rubberized asphalt presents the

highest cohesion energy and wet adhesion energy, which reconcile the variation of cohesive and

adhesive strength in the BBS test.

The dosage of TB rubber has a double-sided effect on the POTS and SFE values of asphalt. TB

rubberized asphalt is produced through devulcanizing crumb rubber at a very high temperature (>220°C).

The rubber particles become smaller molecular particles during the pyrolysis process and intermolecular

interaction (van der Waals force) decreases. As the dosage increases, the bond strength and surface energy

are enhanced as a result that some parts of the molecules get connected through chemical crosslinking or

physical entanglement and form a spatial network structure, and the Lewis acidic component of TB

rubberized asphalt increases as well. However, the adverse impacts of excessive TB rubber become

prominent when the dosage is high. Therefore, it shows a trend of growth followed by decline.

Both traditional crumb rubber and TB rubber harm the asphalt bond strength. By comparing Figure
19
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1 4 with Figure 7, it appears that TB rubberized asphalt binders at relatively high dosages generally have

2 better bond and healing property than the crumb rubber-modified asphalt, which is attributed to the fact

3 that the TB rubber can easily distribute in the asphalt due to its finer powder. The small TB rubber

4 granule could swell well and form a better interface transition layer with asphalt, which could dissipate

5 more stress and deflect the cracks under external force.

6 4.1.4 Effects of HDPE modification
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8 Figure 9 BBS test results of HDPE-modified asphalt.
9 According to Figure 9, the POTS and HR values of HDPE-modified asphalt keep increasing with

10  the dosage from 2% to 8%. The HR value of 8% HDPE-modified asphalt at dry condition even reaches

11 102%, indicating the healing bond strength is even better than that before the initial fracture.
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Figure 10 SFE test results of HDPE-modified asphalt.

Figure 10 demonstrates that the trend of SFE test result of HDPE-modified asphalt is in agreement
with that derived from the BBS test. PE material has a low crystallinity and melting point and its
solubility parameters and polarity are similar to those of wax components in asphalt. The introduction
of HDPE into asphalt reduces the polarity and intermolecular interaction, also the chemical affinity
between asphalt and aggregate as well. With the increase of dosage, HDPE chains get folded and form
an interwoven structure, resulting in the improvement of surface energy.

The possible reason for the superior healing performance is that HDPE includes ethylene
homopolymer, the copolymer of ethylene and a small amount of olefin. The molecular structure of
HDPE is simple and symmetric, which contains very few short branches®"&8l, This kind of long-chain
structure with few branches has superior molecular mobility, which results in a fast re-infiltration and

re-bond of microcrack after the bond failure.
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4.1.5 Effects of gilsonite modification
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Figure 11 BBS test results of gilsonite-modified asphalt.
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According to Figure 11, gilsonite modification at a proper dosage (<20%) can improve both the

bond strength and healing performance of asphalt. However, excess gilsonite (e.g. 24%) significantly

reduces the healing performance. During the test, it was observed that the fracture surface after the

second pull-off test was nearly the same as that after the first pull-off test, indicating little asphalt flow

and healing occurred during conditioning.
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Figure 12 SFE test results of gilsonite-modified asphalt.

According to the SFE test results shown in Figure 12, the variation of cohesion energy chimes with
the trend of dry POTS in the BBS test. However, the result of wet adhesion energy is inconsistent with
that of wet POTS. This can be explained by the fact that some samples in the wet condition presented
cohesive-adhesive combined failure rather than the total adhesive failure, which influenced the result
of the SFE test. Also, there is no significant coherence between wet HR and CR. This phenomenon of
inconsistency might be explained by the stiffness of gilsonite-modified asphalt. In spite that gilsonite-
modified asphalt has good wettability with aggregate, its flowability is limited by high stiffness at 25°C
(healing temperature), leading to the low HR values in the BBS test.

Compared with other modification, gilsonite modification can dramatically enhance the bond
strength and cohesion/adhesion energy of asphalt for the following reasons:

(1) high contents of metal and nitrogen elements increase the molecular polarity and wettability

of asphalt, which brings high inner cohesion energy and adhesion performance.

(2) qilsonite contains high contents of heavier components like asphaltene and resin because its
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light components tend to volatilize due to the long-term exposure to nature. During the

modification with asphalt, gilsonite absorbs the light components (nonpolar saturates and

aromatics) in base asphalt after the shear mixing and swelling development and a blended

asphalt system with a higher content of resin is formed, which is the strongest polar component

among the four components of asphalt and has obvious promotion effect on the asphalt surface

energy.
4.2 Cantabro loss/ HWT and 4PB fatigue-healing tests results of asphalt mixtures

In this study, the base binder and modified binders at the recommended or commonly-used dosages

(i.e. 4.5% SBS-modified asphalt, 15% TB rubberized asphalt, 24% gilsonite-modified asphalt, 8%
HDPE-modified asphalt, and 18% crumb rubber-modified asphalt) were used to prepare HMA mixtures
in the laboratory for their performance tests. The same source of aggregates and the Superpave-12.5
mix design were employed, except for the HMA mixture including the 18.0% crumb rubber modified
binder. A gap graded mix design (ARAC-12.5)B% was chosen for the crumb rubber modified asphalt
mixture. The asphalt content for the crumb rubber modified mixture was 6.1% while it was 4.7% for
the other modified asphalt mixtures and control asphalt mixture with base binder. The voids content of
crumb rubber-modified asphalt mixture was 5.5%, and 4.0% for the other mixtures. The revelling
resistance, moisture susceptibility and fatigue-healing behavior of asphalt mixtures were evaluated
through the Cantabro loss test, HWT test, and 4PB fatigue-healing test respectively. The mean values
of main testing results and their values of coefficient of variation are both shown in Table 2.

Table 2 Results and comparison of the mixture tests.

Cantabro Test HWT Test 4PB Test

Binder

Cantabroloss | COV | SIP(passes) | COV | Ntinitial cov HRu4pg

cov

24




Base asphalt 25.4% 5.7% 7531 9.5% | 23953 1.7% 47.9%

15.7%

4.5% SBS 22.3% 5.2% 8567 4.8% | 381340 3.2% 53.0%

5.3%

18% Crumb Rubber 27.9% 6.2% 3895 13.5% | 238860 7.8% 70.3%

2.5%

15% TB Rubber 26.3% 4.2% 3216 13.3% | 190690 6.4% 61.4%

11.0%

8% HDPE 23.5% 5.8% 9063 9.8% | 266650 6.5% 71.8%

3.0%

OCONOOODWNE

24% Gilsonite 15.9% 9.8% 13967 6.4% | 89096 11.6% 35.4%

6.1%

1
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From Table 2, it can be seen that the SBS, HDPE and gilsonite modified asphalt mixtures show lower

values of Cantabro loss than the control mixture, illustrating an improved ravelling resistance. Their

relatively higher values of stripping inflection point indicate a better resistant to moisture damage. Among

all the tested asphalt mixtures, the gilsonite-modified asphalt mixture has the lowest value of Cantabro loss

and the highest SIP value, while the crumb rubber modified mixture and TB rubber modified mixture have

the highest values of Cantabro loss and the lowest SIP values. The gilsonite modification showed a superior

improvement of the ravelling resistance and moisture damage resistance of asphalt mixture. However, it

presents the lowest HR in 4PB fatigue-healing test due to the inferior mobility of asphalt. The crumb rubber

and TB rubber modifications have detrimental effects on the revelling resistance and moisture susceptibility

of the asphalt mixtures. The possible reason is that crumb rubber/TB rubber absorbed light molecular

components of asphalt binder resulting in less bonding between the binder and aggregates. while preferable

fatigue and healing performance were found on account of the fatigue stress absorbing of rubber and the

good mobility of TB rubberized asphalt.

To verify the findings of the BBS and SFE tests on the asphalt-aggregate combinations, the mixture

performance test results are correlated with the corresponding POTS and cohesion/adhesion energies of

asphalt-aggregate combinations, as shown in Figure 13. It should be noticed that in the correlation analyses

the SFE data does not include the testing results of crumb rubber-modified asphalt binder due to its low

repeatability caused by the rubber particles.
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The results and comparison presented in Figure 13 manifest that both the results of dry POTS in the

BBS test and Wy; in SFE test show similar correlation with Cantabro loss of asphalt mixtures (R2=0.72,

0.73 respectively) while for adhesion behavior, wet POTS shows better correlation (R2=0.75) than W‘,‘;ﬁf

with SIP in HWT test, manifesting in spite that SFE test results could reveal and explain the mechanism of

the variation tendency of bond performance of modified-asphalt binders with different dosages to some

extent, the evaluation result of BBS test is closer to that derived from asphalt mixture tests by comparison.

The standard 4PB fatigue test could not reflect the healing ability of asphalt according to the poor correlation
26
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(R2=0.16) between the HR in the BBS and the fatigue life in the 4PB test. The modified 4PB fatigue-healing

test was performed to find the correlation between asphalt and mixture. The HR values in the modified 4PB

test show an apparent correlation (R2=0.89) with BBS healing test (after 1 healing cycle, healed in dry

condition), demonstrating that the BBS healing test could reflect the fatigue-healing performance of the

corresponding asphalt mixture effectively. Based on the correlation analysis and comparison, and also

considering the experimental efficiency and cost, the BBS test is suitable to predict the bond and fatigue

healing behavior of asphalt pavements and could be determined as a screening experiment in practical

engineering.

5 Conclusions

In this study, the BBS test and SFE test were performed respectively on asphalt binders to evaluate

the bond and healing properties in terms of mechanical performance and mechanism analysis. Cantabro

loss test, HWT test, and 4PB fatigue-healing test were conducted on asphalt mixtures to verify the

evaluation accuracy of the two asphalt experiments on the cohesion, adhesion and healing properties of

asphalt. The results from asphalt binders and asphalt mixtures were correlated. The following

conclusions can be drawn from the results:

1. In the aspect of the bond property, according to the BBS test and SFE test, only gilsonite could

enhance the cohesive/adhesive strength and surface energy of asphalt among all the tested

modification methods, however, excessive gilsonite (>20%) would reduce this improvement.

The other modifiers including linear SBS, crumb rubber, TB rubber, and HDPE have a negative

effect on the bond performance and the effects vary with the dosages of the modifiers. Moreover,

for each asphalt binder, the variations of its cohesion energy and wet adhesion energy in SFE test
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are in accordance with those of the POTS in dry and wet conditions respectively, except for
crumb rubber-modified asphalt, the SFE test result of which is not available since the rubber
particles would interfere with the experimental accuracy.

In regard of asphalt healing performance, HDPE, crumb rubber and gilsonite ( << 20%)
modifications have a positive promotion effect, among which 8% HDPE-modified asphalt shows
the best healing performance (HR=102%) owing to the mobility enhancement effect of HDPE
on asphalt molecular. It is also noted that the variation trend of the SFE index “CR” is in
consistence with that of the HR under the wet condition in the BBS test (except for asphalt
modified with crumb rubber and gilsonite).

The Cantabro test, HWT test, and 4PB fatigue-healing test verify the accuracy of BBS testing the
cohesion/adhesion and healing properties. The correlations between Cantabro loss and dry POTS
(R2=0.72); SIP and wet POTS (R?=0.75); HR in 4PB mixture healing test and BBS healing test
(R?=0.89) indicate that the BBS test could reflect the stripping resistance and fatigue-healing
behavior of the corresponding asphalt mixture effectively, and could be determined as a screening
experiment in practical engineering.

Based on the results of bond and healing performances, the recommended dosage for each
modified asphalt is as follows: 3.0% for linear SBS-modified asphalt, 15%~18% for crumb
rubber-modified asphalt, 10%~15% for TB rubberized asphalt, 8% for HDPE-modified asphalt

and 12%~20% gilsonite-modified asphalt.
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We thank the reviewers and the editor for their valuable comments.

Detailed responses to the reviewers’ comments with the explanation of the revisions in
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Response to reviewer 1

1.

First of all: the language is a number of time so strange that the text is difficult to
follow. Please have a native English speaking person check the document.
Response: Thanks for your careful reading and suggestion. We have revised the
manuscript thoroughly and indicated the changes using MS revision mode. Also, a
clean version of the revised manuscript has been submitted.

Title: the title is not covering the content of the paper well. Only one aggregate is
used (basalt) and the bitumen is modified (sbs, gilsonite, CR, HDPE). So please
rephrase the title.

Response: Thank you for the valuable suggestion. As you pointed that only basalt
aggregate was used and most binders were modified. The title will be changed to
“Mechanical Evaluation and Mechanism Analysis of the Stripping Resistance and
Healing Performance of Modified Asphalt-Basalt Aggregate Combinations”.

The BBS test is performed with a thickness of 0.2 mm. What does that mean for
the inhomogeneous binder and the addition of gilsonite?

Response: Thank you for the consideration about the inhomogeneity of binders.
For some modified binders, such as SBS-modified asphalt and crumb rubber-
modified asphalt, inhomogeneity occurs over time. In view of this, all the modified
binders were used for testing within 4 hours after they were produced in the
laboratory in order to eliminate the influence caused by the inhomogeneity. The
freshly prepared asphalt has good homogeneity. Thus, accurate measurements
could be obtained with the application of the thickness of 0.2mm. We would clarify
this asphalt preparation and testing in the revised manuscript. As for the gilsonite,
it is a petroleum-based solid which has a similar chemical structure with asphalt.
Compared with other polymer modifiers, gilsonite has a better compatibility with
base asphalt and can generate a stable system with asphalt. Therefore, the addition
of gilsonite would not bring about inaccurate results when the thickness of 0.2 mm
is used.

The interaction of the basic bitumen with the modifiers is not clear (is the binder
suitable for the SBS used, did you use extender oil for the CR, etc). So the
compatibility of the modifiers with the binder is not discussed and clear and can
strongly influence the properties!!!! For example, the linear SBS used with the
basic binder can be a bad combination because of compatibility reasons. The same
for the CR. It is also not clear if the gilsonite contains a lot of fines (filler) or not.

Response: Thank you for pointing out this problem. The compatibility of the



modifiers with the binder does have a strong influence on the asphalt. In this study,

the selected base asphalt is ESSO asphalt, which is produced by Exxon Mobil

Corporation. Compared with other base asphalt binders which have the same PG

grade (PG 64 -22), the content of aromatics in ESSO is relatively high (50.16%),

which is favorable for the compatibility of the binder with the SBS modifier and

crumb rubber. And this has been corroborated in many domestic engineering
projects.

(1) Forthe SBS-modified asphalt used in this study, 0.15% sulfur was added during
process of asphalt preparation to guarantee its chemical stability.

(2) For the crumb rubber-modified asphalt, the purpose of adding extender oil is to
reduce the viscosity of asphalt and promote the swelling development of rubber.
Due to the high content of aromatics in the base asphalt and the rubber dosage
in this paper (less than 20%), additional extender oil is unnecessary in this study.

(3) For the gilsonite-modified asphalt, the gilsonite used in this study was imported
from Iran. The main characteristics of the gilsonite is as follows:

Table 1 The main characteristics of the used gilsonite

Test (Yowt) Result Test method
Ash Content <5 ASTM-D3174
Solubility in CS; 88 ASTM-D4
Fixed Carbon 34 ASTM -D3172
Carbon Content 81 ASTM -D5291
Hydrogen Content 6.7 ASTM -D5291
Sulfur Content 2.1 Leco(s) Analyzer
Nitrogen Content 0.84 ASTM -D5291
Moisture Content <5 ASTM -D3173
Oxygen Content 2.3 ASTM -D5291
Volatile Matter 60 ASTM-D3175

Compared with other polymer modifiers, gilsonite is a petroleum-based solid
with the similar chemical structure with asphalt and has a good compatibility
with asphalt. From the Table 1, it can be seen that the ash content of the used
gilsonite is less than 5% and could meet the specification requirements (<20%).
The fines with low content would not adversely affect the compatibility of the
gilsonite and asphalt.

(4) All the modified binders were used for testing within 4 hours after they were
produced in the laboratory to reduce the experimental inaccuracy caused by the
possible poor compatibility of base asphalt with modifiers.

We have added more detailed notes in the revised manuscript about the additives

in various modified asphalt binders to show the compatibility of the basic bitumen



with the modifiers. Thank you very much for the reminder and suggestion.

The BBS test is a real failure test and the 4pbt-healing is a test in which the stiffness
is reduced to 50% (maybe some microcracks in the material. So the behaviour is
different. The strain level of 1000 micron is extremely high for fatigue testing.
Response: Thank you for pointing out this problem. The BBS test is a real failure
test while there is merely stiffness modulus reduction in the 4PB fatigue-healing
test. So the failure mode is different. However, in a fracture-based healing method,
the fractured parts of the mixture sample could not be perfectly put back in place
during the healing period. Thus, the in situ-healing of the damaged interface might
not be achieved, which would influence the healing effect and interfere with the
experimental results. In consideration of this, the fatigue-based healing test (4PB
test) was applied to the mixture samples in this study. Since the healing
performances of the samples in the BBS test and 4PB fatigue-healing test are both
related to the asphalt flowability and wettability, which play important roles in the
healing process, we think both of the two tests could reflect the healing property of
asphalt materials.

On the selection of strain level, the strain level of 1000 pe was selected for the
following reasons:

(1) In general, 250~750p¢ is used in the 4PB fatigue test. However, the excess
freight of transport vehicles is quite common in China. According to the specific
surveys from each province, the overload rate in most provinces reaches 40% ~
80%. Some vehicles are overloaded 1~2 times, some even up to 3 times. We think
it is necessary to consider the overload situation when studying the fatigue property
of the asphalt mixture. Therefore, the high strain was selected in this study.

(2) For modified asphalt mixture, relatively low strain (<<1000ue) will take too
long in fatigue test while excessive strain (>1500u¢) might cause data variability
and inaccurate test results. The results of the previous experiments show that the
variation trends of fatigue life under different strain levels are similar within the
strain range of less than 1500 pe. Based on this, 1000pe was applied to accelerate
the progress of the fatigue experiment and reduce the cost.

(3) In this study, the purpose of the 4PB test was to compare the fatigue-healing
property of different asphalt mixtures. Despite of the high strain, we think the

comparison is still desirable since all the mixtures were tested under the same
experimental condition.

CR modified bitumen contains a lot of carbon black and is an inhomogenous binder
if the swelling parts are too large. Why then use the tests??

Response: The reason for using CR modified asphalt was to compare the test
results of it with those of TB rubberized asphalt. As the reviewer pointed out, CR
modified bitumen would be inhomogeneous if the swelling parts are too large. CR



10.

modified asphalt could not be used in the SFE test because the rubber particles
would cause inaccurate experimental results. In the BBS test and other mixture
tests, the CR modified asphalt was heated to 165~170°C and stirred again before
preparing the samples to avoid the inhomogeneity. In this way, the homogeneity
issue of CR-modified asphalt could be addressed during the experimental
measurement.

Why was basalt chosen as the aggregate for the mixtures?

Response: Basalt is a kind of high-quality stone for traffic construction, which has
high compressive strength, superior wear resistance, and good adhesion with
asphalt. In this study, basalt was selected for the mixtures and the aggregate
substrates because of its wide usage in road engineering projects. The reason for
choosing basalt as the aggregate for the mixtures has been added in the revised
manuscript. Thank you for the reminder.

Two mixtures were used in the paper. For the CR-bitumen the binder content was
much higher than for the other mixtures. No information on the voids content of
the tested mixture samples is given. The voids content can play an important role
in the test results.

Response: We are sorry that the voids content of the tested mixture samples was
not given in the paper. Thank you for your reminder. The voids content of all the
mixture samples was controlled at 4.0% except for the crumb rubber-modified
asphalt mixture, which was 5.5%. The information on the voids content has been
added in the revised manuscript.

Did you compare the BBS results with DSR results as the DSR is the usually used
test??

Response: Thank you for your helpful suggestion. We have not yet performed DSR
test to investigate the healing property of asphalt. In the next research work, we
plan to study the asphalt healing property using DSR by setting a certain healing
period between two loading periods. Then the asphalt property of each load cycle
(e.g. modulus) will be recorded for self-healing performance analysis. In addition
to the comparison between the results of BBS test and DSR test, the correlation
between DSR healing test and 4PB fatigue-healing test will also be analyzed since
both of the two tests are fatigue-based healing methods.

Pavement performance is very complex and needs more than just a comparison
between the results on the binder and the mixture results as used in this paper. For
example the combination of stiffness (is very important) and fatigue line will



determine the thickness of the asphalt layers in the pavement structure. No one will
design the asphalt layer with 1000 microstrain, normally spoken. Besides, no
field results are shown to show the validity of the results in this paper.

Response: Thank you for the thoughtful consideration. We agree with you that the
evaluation of the pavement performance needs more than a comparison between
the results of the binder and the mixture. Although no comprehensive field results
were shown in this paper to validate the results. Some modified asphalt binders
have been applied to highway sections in China and the application effect has been
collected. For example, the SBS-modified asphalt and gilsonite-modified asphalt
have been used in Jingfu Highway in Shandong province. After more than 3 years
of vehicle operation, the monitoring data showed that the rutting depth of the
gilsonite-modified asphalt section is smaller than that of the SBS-modified asphalt
section. And gilsonite-modified asphalt section showed better stripping resistance
under the same vehicle load conditions, which is consistent with the experimental
results in this paper. Besides, a crumb rubber-modified asphalt section and a TB
rubberized asphalt section are under construction in the Hebei province, which is
based on the cooperation of the research projects between our research team and
Hebei Transportation Investment Group Corporation. The response data of the
pavement will be collected and the performance of the CR and TB asphalt mixtures
will also be observed in the next few years to further validate the laboratory results
in this paper. Thank you for your criticism.

As for the selection of the strain in 4PB fatigue-healing test, as mentioned in the
fifth question, we chose 1000 pe for several considerations:

(1) Ahigh level of strain was selected considering the serious problem of overloading
on the highways in China.

(2) The 4PB fatigue test would take too long if a low level of strain was used. The
previous experimental results indicate that the variation trends of fatigue life under
different strain levels are similar within the strain range of less than 1500 pe. Thus,
the higher strain was used to accelerate the progress of the fatigue-healing
experiment.

(3) In this study, the 4PB fatigue-healing test was used to evaluate and compare the
healing property of different asphalt mixtures. All the samples were tested under
the same experimental condition. Therefore, the comparison result was still reliable
despite the high level of the strain.

As you pointed out that 1000 pe is too high for the 4PB fatigue test and the pavement
design, the lower strain will be used in the fatigue test in the future study to avoid

the disagreements in this regard. Thank you very much for your comments and
suggestions.

11. What surprizes me is the argument from the authors that HDPE does not show



much cristallisation. My experience is that it is starting to cristallize very strongly
below say 120 C and this can cause a lot of trouble in a binder.

Response: Thank you for the consideration of the HDPE crystallisation. In fact,
the HDPE crystallization was not observed in this study, which was probably
because of that all the modified binders would be used for testing within 4 hours
after they were produced in the laboratory to avoid the segregation or the
incompatibility of base asphalt with modifiers. During the sample preparation in
the BBS test and SFE test, the modified binders will be heated to 160°C. In mixture
tests, the modified binders will also be heated to at least 165°C. Thus, the
crystallization would not occur when preparing the samples.

12. In general | propose that the authors explain that there results are only valid for the

combinations as used in the paper and should be considered carefully with other
components.
Response: Thank you very much for your suggestion. Only one type of aggregate
(basalt) was used in this study so the results should only be considered for the tested
modified asphalt and basalt aggregate combinations. We have also stated this in the
revised manuscript.

We hope that the supplemented explanation and discussion would help to improve
the paper. We would be glad to respond to any further questions and comments that you
may have.
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Abstract

FheAsphalt modifications could contribute to the moisture susceptibility and fatigue resistance of asphalt

mixtures. The study in this paper aims to investigate the effects of various asphalt modifications on the bond

and healing properties of modified asphalt binders, as well as the mechanism of changes caused by the

modification. Five modified asphalt binders were prepared in the laboratory for this study, including the

SBS-modified asphalt, crumb rubber-modified asphalt, TB rubberized asphalt, high-density polyethylene

(HDPE)-modified asphalt, and gilsonite-modified asphalt. A modified binder bond strength (BBS) test was

applied to evaluate the bond and healing performance of five modified binders—Surface-free-energy-testwas

of-eohesionfadhesion-energy—Fhe, at both dry and wet conditions. The surface free energy (SFE) test was

conducted on the modified binders to investigate the changes in the cohesion/adhesion energy due to the

binder modification. In addition, the ravelling resistance, moisture susceptibility, and fatigue life of asphalt

mixtures prepared from the modified binders were measured by using the Cantabro test, Hamburg wheel-

tracking test, and four-point beam fatigue test, respectively. The results of performance tests for the asphalt

mixtures are employed to verify the findings of BBS and SFE tests for the modified binders. It is found that

the modified BBS test provides a promising tool for evaluating the bond and healing properties of modified

asphalt binders, and the SFE could help to explain the mechanism of binder modification. The testing results

indicate that gilsonite enhanced the bond strength and surface energy of asphalt and high-density

polyethylene significantly improve the healing performance-in-BBS-test—Fherecommended-dosages—of
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Key words: asphalt bond; healing property; surface free energy; mixture stripping resistance; fatigue-healing

performance.

1 Background

Ravelling and moisture damage that are thetwo types of main eausesdistresses of asphalt paverment

deterioration-whichpavements, are mainly attributed to the-inner cohesion failure of asphalt binder and

interface/or adhesion failure betwe

repeated-tensioncompression-and-shearaction-at the interface of vehicle-leadasphalt binder and mineral

aggregates. Due to the meisture-traffic loading and aging-caused-by-environmental ehange;-the-influence

(e.g. moisture damage and oxidative aging), microcracks appearinitial in the binder and binder-

aggregate interface and gradually develop into macrocracks withas the inerease—of—loading

timespavement service time increases. It is ebservedalso known that given-adeguatewith a rest time, the

asphalt materials have the ability to heal ewing-to-the-infiliration-and-diffusive-mebiliby—microcracks

because of the viscoelasticity nature of asphalt binder. Part of the bonding ean-be-failure caused by the

initiation and propagation of microcracks could be restored during—thewithin an available healing

process of asphalt binder. AsphattBesides, mechanical loading from traffic has an effect of re-bonding

asphalt binder willre-adhere—toand aggregates under vehicletoadscertain conditions, and the meso
cracks inside asphalt wi-mixture even can close due to asphattthe binder flowability at high pavement

temperatures.

Many studies have-been-reported in-vestigating-the bond and healing behavior of asphalt binders.

Atpresent;-there-are-maintyln which, four main theories that-can-beare used to explain the asphalt bond

3



mechanism-ef-bend-preperty, including the mechanical theory, chemical reaction theory, surface energy
theory, molecular orientation theory™, And-inFor the fieldmechanism of asphalt healing-property,-the

main-assumptions-and-research-are-based-en, the fracture surface energy theory, capillary theory, and

interfacial diffusion theory: are typically employed. Among thesethose studies, itis-reportedt*-that-the

surface free energy (SFE) of asphalt binder and aggregates is amostly used and being considered as a

very promising indicator in identifying the eehesioncohesive and adhesionadhesive energy of an
asphaltthe binder-aggregate system-to-evaluate-the-stripping-resistance-and-moisture-susceptibihity-of

asphaltmixture—which-could-be-assessed-on-the-basis-of-the-[4-%1, The contact angle measurement

threughmeasured by using the Wilhelmy plate (WP) or Sessile drop (SD) methodsi®lte-caleulate is

employed for calculating the SFE components of the-eorresponding-both asphalt and-aggregatebinder

and mineral aggregates, allowing for evaluating the moisture susceptibility of the asphalt mixture.

Previous—research-has-apphied-SFE-measurements-The SFE measurement has been conducted to

investigate the moisture sensitivitysusceptibility of asphalt mixture and the—selection—ofto select

asphalt/faggregate—Fhereperts binder and/or aggregates in some researches. For instance, the SHRP-A-

3410 analy

reports

the analysis of adhesion between asphalt binder and aggregate and the SFE. Fheln which both the WP

method and sorption method were conducted- for the analysis. However, the calculation method was

complicated;andused in that study is not easy to follow, neither the process-ef-asphalt-stripping caused

by—meistureresistance was noet—included—in—the—study.. Chengl!® developed—the—research—work

oninvestigated the SFE of asphalt-aggregate system and correlated it with the performance of asphalt

and-concrete. Through the study of asphalt-aggregate—Fhe adhesion werk—nderat both dry and wet

conditions were-both-caleulated-andit was found that the SFE results were consistent with that-efthe
4
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findings from the mixture accelerated moisture damage testtestes. Bhasin[*!l compared the-adhesion

work-of-diversevarious aggregates in the SFE measurements and eenfirmedfound that there-arethose

aggregates showed significant differences in the adhesion energy between-differentaggregates-andwhen

they were applied with the same asphalt—Based-on-this—+research; binder. Jonathan*? studied the

influence of polymer-modified asphalt on the moisture damage resistanee-of asphalt-aggregate systems.
Wasiuddin et al.l*®l investigated the compatibility ratio (CR) of different asphalt-aggregate combinations
and feund-that SFE-could-be-helpfulproposed to deterrmineuse the eptimum-selection-ofSFE to screen
the asphalt-aggregate combinations. Similaclyln addition, many_ other studiest*4ISH]  have
nvestigatedreported the influence of different binder modifiers on the moisture susceptibility of asphalt
mixes-tsing-the-SB-method—TFhese-studies-ndicate. It is also confirmed that the SFE theory could be

used-as-the-compatibility-checkuseful for determination of optimum combination of asphalt-aggregate

combinationsto-achievethe-aptimdm-selectionsystem.

CurrentWhile, only few studies abeutfocus on quantitatively ranking the bond and healing

properties of a

DSR fatigue test!*7120 or asphalt-mixture-four-point bending (4PB) test?124 1nthese— for investigating

the healing performance of asphalt binders and mixtures. In those fatigue-based healing tests, the

binder/mixture samples are subjected to ead;-which-are-separated-with-certainrest/cyclic loading and

healing. During the healing periods—Buring—healing—periods—the—specimen—is—healedperiod, the

specimens were rest at certain environmental conditions without mechanical loading[?3l, Fhen-theThe
5



binder/mixture properties ef-each-tead-eyele-(e.g. modulus; and peak load) are-at each load cycle were

recorded for analyzing the healing performance-analysisl?l, However-It is noticed that the fatigue-based

healing tests are very time-consuming, theand the repeatability of testing data is-retintuitive-as-welk:has

a big concern in a long period. In recent years, the newly developed binder bond strength (BBS) test

has been-developed-and-introduced-te-studybecome popular in assessing the bond property of asphalt-

H-is-widehrused-in-the-field-of emulsions and modified asphalt materialsbinders(?512°! due-tesince the

portabiltity-of-thesimple instrument used in the test and its ability teof rapidly measuremeasuring the
bond strength of asphalt-aggregate combination. The BBS test was originally designed for the coating

industry and now it has been introduced into the asphalt industry as a standard test method in ASTM D

that the BBS test could offer direct and quick measurement of bond strength at the asphalt-aggregate

interface.

In this paperstudy, the BBS tests were employed for investigating the bond-(eehesionunder-the

dry-condition-and-adhesion-underwetcondition) and healing properties of five representative modified

binders-{, including the SBS-modified asphalt, crumb rubber-modified asphalt, TB rubberized asphalt,
high-density polyethylene (HDPE)-modified asphalt, and gilsonite-modified asphalt)-were-investigated

using-BBS-test—The-influence-of-different. The optimum dosages was-alse-explored—The-of these five

types of binder modifiers were determined based on the measured pull-off tensile strength (POTS) at

both the dry and wet conditions. In addition, the SFE test-wastests were conducted on these modified

asphalt binders to reveal-theunderstand their mechanism of asphattchanging the bond and healing
properties—On-the-level of base asphalt mixture;binder. The Cantabro loss test, Hamburg wheel-tracking

(HWT) test, and 4PB fatigue-healing test were performed on the mixtures prepared with these modified
6
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asphalt binders to evaluate the their ravelling resistance, moisture damage-resistaneesusceptibility and

fatigue healing property-efthe-correspending-mixtures, respectively-and-to-verify-whetherthe BBStest.

These mixture testing results are used for verifying the findings obtained from the BBS and SFE test

could-aceuratelyreflect-the-mixture-performancetests of modified asphalt binders.

2 Objectives

The speeifiemain objectives of this study are listed-as follewsfollowing:

1. To evaluate the eohesientadhesion-cohesive/adhesive properties and the healing performance

of five representative modified binders—using—the—modified-BBS—test—Different—healing

tedasphalt binders;

2. Toinvestigate the mechanism of bond and healing properties using-SFE-measurements-and-to

eorrelateof modified asphalt binders including various modifiers; and

2.3. To verify the findings of binder bond and healing properties from the result-variationinBBS

tests through assessing the BBS-testwith-the parameters-inthe-SFE-testcorresponding mixture

performance tests, including the ravelling resistance, moisture susceptibility, and fatigue

healing property.,

3 Experimental
3.1 Materials

Fhe-In this study, a PG 64-22 base asphalt was-and five commonly used binder modifiers were®

7
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selected to-prepare-for preparing the modified asphalt binders—Five-commonty-used—_in the laboratory.

The modifiers, including the linear SBS, crumb rubberrubbers, HDPE, and gilsonite, were

employedapplied at various dosages for the modification-as-shewn. Compared to the traditional crumb

rubber-modified asphalt, the TB rubberized asphalt has a lower viscosity and better storage stability

due to its specialized producing process, in which the crumb rubber is devulcanized at high temperatures

and mixed with asphalt binder at high shear speed with an extended period during the modification. The

Iranian gilsonite used in this study has a good compatibility with the base asphalt. The mixing conditions

[ Field Code Changed

for these modified binders are listed in Table 1. It should be noted that all the modified binders were

used for testing within 4 hours after they were produced in order to eliminate the influence caused by

the possible inhomogeneity. For the mixtures and the aggregate substrates, basalt was chosen for its

. i . ) i [Formatted
wide usage in road engineering projects,
Table 1 Summary of the selected asphalt and experimental dosages
Binder Types Modified Asphalt Formulation | Dosages of Modifiers (%)
Base asphalt — — « [Formatted Table

SBS-modified asphalt

Linear SBS (varying dosages)
+0.15% Sulfur

15,3.0,45,55,6.0,7.5

Crumb rubber 5, 10, 15, 18, 20
Rubber asphalt
TB rubber 5, 10, 15, 18, 20
HDPE-modified asphalt HDPE 2,4,6,8
Gilsonite--modified asphalt Gilsonite 4,8,12,20,24
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3.2 Methods

3.2.1 Binder bond strength (BBS) test

of-bond-strength—at-the—asphalt-aggregate—interface—In this study, the BBS test was modified for

asphaltassessing the binder healing property assessment-bythrough introducing a sample-cyclic pull-off

tests with a healing setting after-the-initial-bond-strength-between two standard testing-

The-stubs-with procedures. The five types of laboratory prepared modified asphalt binders and"

basalt aggregate were used to prepare the asphalt-aggregate systems for BBS tests. The pull-off stubs

were employed to apply an asphalt film at a thickness of 0.2mm (Figure 1-a) were-bended-to-on the

basalt aggregate substrate at higha temperature =of 150°G- and then cooled down at room temperature.

Detailed information for test sample preparation has been reported in the previous researchl?8l, After

being-eured-at-25°Cfor-1-hal-theThe prepared asphalt-aggregate test samples were divided into ery

and-wet-groups-to-studytwo sets: one is for measuring the cohesion and-at dry condition and the other

is for the adhesion preperties-of-asphalt-respectively—Fhe-at wet condition. The dry condition for testing

samples in-the-dry-group-were-cured-was at 25°C for 24 h-and. The wet condition included the curing of

samples in the wet-group-were-immersed-in-the-water at 40°C for 24 h. The pull-off tensile strength

(POTS) was recorded-as—the-indicator-of-the-bond-perfermancemeasured using the Positest AT-A

apparatus (Figure 1-b). GenerallyIn general, the testing samples_that were cured under the dry condition

showed the cohesive failure (Figure 1-c) while the enes—insamples after the wet group

presentedconditioning showed the adhesive failure (Figure 1-d) due to the moisture damage.
9
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Figure 1 (a) Stubs and (b) Positest AT-A apparatus and (c) cohesive failure and (d) adhesive failure and (e)

samples with marks

Fo-prepare-the-testsamplesin order to applying for the healing studyprocedure during the modified

BBS test, the original pesitienslocations of stubs and-substrate-were marked before the initial pull-off

test (Figure 1-e}-Afterinitialtesting;) and the stubs were immediately returned-toplaced at their original

pesitions-and-leaded-at-locations after the each pull-off cycle with a constant pressure te-heal—Fhe

healing-samplesapplied on them. Then the tested asphalt-aggregate combinations were cured uhder

dryfwet-at different conditions to-restore-the-strength—Fhefor restoring the bond strength within the

binder and/or between the binder and aggregate. For the testing samples in the dry greup-were-cured
10
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conditioning set the healing condition was in the thermostatic chamber at 40°C and-the-samplesin-the

wet-group-were-immersedfor 12 hours. For the wet conditioning set the healing condition was in the

water at 25 “C—Lan 2 hcopcinonine-fohichans copsidornd e L Roalipgooela thecamaloc e

tested—again—to—measure—the—beond-—strength—after—healing—Fhe _for 12 hours. The asphalt-binder

combinations were pre-conditioned in the air at testing temperature of 25°C for 30 minutes before re-

testing their POTS. In total, the asphalt-aggregate combinations were subjected to five healing cycles,

and their bond strength after each healing cycle was measured. Thus, a healing ratio (HR) for each cycle

could be derived-foHowingcalculated by using the equation (1). +a-this-study—5-healing-eyeles-were

employed—during—the—testing—procedure—For—each—asphaltFor each type of testing samples, three

replicates were testedmeasured for ealewlating-the averagePOTS values-6fROFS.

_ POTSHealing-i %100%

HR; POTSjnitial @

where,
HR;— the healing ratio after i-th healing cycle;
POTSeqting-i— the pull-off tensile strength after i-th healing cycle (MPa);

POTS;,ia— the initial pull-off tensile strength (MPa).
3.2.2 Surface free energy (SFE) test

According to the acid-base theory, the surface free energy of any material can be divided into three
components based on the types of surface molecular forces: {3the non-polar component—_y“" _(also
known as van der Waals force or dispersion force component 5£%)—(2)), Lewis acid component
&)y, and (3)-Lewis basic component +=)y ~. The SFE of the material y can be calculated according
to equation (2):
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Y=y +y 4B = W 4 2 [ty (2)
According to the Young-Dupre equation, the adhesion work between the solid (aggregate) and
liquid (asphalt binder) can be ealeutated-bywritten using equation (3):
Wis =v,(1 + cosB) 3
where, subscriptiW,, represents “liquid ™ whichrelors-to-asphalissubseriptsrepresents—sobid ™ which
W4—the adhesion energy of asphalt-aggregate eembination;

system; y;— represents the SFE of the asphalt;—

binder: and 6— represents the contact angle measured between the asphalt binder and aggregate.

(1) Cohesion energy of asphalt binder (Wy;)
The cohesion energy of the liquid is defined as the work which-is-needed-te-dividerequired for dividing
a single liquid column into two parts along the unit cross sectiont®a, ThusTherefore, the cohesion energy
(W) of asphalt-isa liquid can be calculated using equation (4):
Wy =2y, 4
wet

(2) Wet adhesion energy of asphalt-aggregate combinationsystem (Wi,

BuringDue to the separationprocess-of-asphattfromhigher adhesion energy between the water and

aggregate-in, the presenee-ofbonding between asphalt and aggregate can be replaced by water, the work that

is-needed-to-replacerequired for replacing asphalt from-aggregate-by-waterbinder is calculated using equation
(5). A larger absolute value of W}'e! indicates that-asphalt-a lower resistant to stripping-is-more-prone-to
happen.

Wiset = Wi + Wew — Wis — 21 (5)

where, subscript w refers to water, and
12
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W,,,—the interfacial energy between liquid-water;
W,,—the interfacial energy of solid-water;
Yw—the SFE of the water.
(3) Compatibility ratio (CR)

Dallas et al.*3 introduced a parameter “compatibility ratio (CR)” to betteridentifyillustrate the
moisture damage-susceptibility of asphalt-aggregate system, in which the wettability of the asphalt over
the aggregate is considered (as calculated in equation (6)). A higher CR value indicates an-asphat—

aggregate-systems—witha better adhesion performance of the asphalt-aggregate system and a lower

moisture-gamage susceptibility.

Wis—Wy

CR=|%s—% 6
Wisw

® SFE of modified asphalt binders

measurecohesion energy of asphalt binder, wet adhesion energy of asphalt-aggregate system, and the

compatibility ratio, the SFE components (LW, acid, and base) of modified asphalt binders:_were

measured through solving the hyperstatic equations (7). In this study, the Wilhelmy plate (WP) method

was used to obtain the advancing contact angle fermed-between-each-6f the probe liquids (distilled

water, formamide, glycerol, and ethylene glycol) and the modified asphalt evaluatedbinders. Four

replicates efsamples-withwere tested for each type of probe liquid-were-tested.

13



©CO~NOOOTA~AWNPE

el el
N RO

131
1

(1 + cos6,)
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where, 6;, 6,, ..., 6, referto the contactangle between the in probe liquid and asphalt binder; and
subscript L1, L2, ..., Ln refer to the i probe liquid.
® SFE of aggregate

The or Sessile drop (SD) method was applied—to-measureemployed for measuring the contact

angles between_the basalt aggregate substrate and three probe liquids (distilled water, formamide, and

ethylene glycol), and their results were used to calculate the SFE components of basalt aggregate using

equation (7). The detailed sample preparation and the testing procedure have been reported in other

studies(®4. Three replicates of samples with each probe liquid were tested.

3.2.3 Cantabro loss test

Cantabro loss test was conducted te—evaluateon the raveling—loss—ef—asphalt mixture

foHewingmixtures in accordance with the standard efmethod AASHTO TP 108-14. The mixtureasphalt

concrete samples were submerged-in-the-waterconditioned at 25°C for 20 befereh prior to the test and

then were-rotated-subjected to 300 revolutions in the Los Angeles abrasion testing machine for-300

revelutions-at a rotating speed of 30rpm-at-25°C—TFhen-the. The mass loss rate of the samples was
calculated after-the-rotation-to-characterizefor determining the ravelling resistance of asphalt mixture.

Four replicates were tested for each sampletype of mixture.

3.2.4 Hamburg wheel-tracking (HWT) test

The HWT test in accordance with the AASHTO T 324-14 was performed to evaluate the moisture

14



damageresistaneesusceptibility of asphalt mixtures-aceording to- AASHTO-T-324-14.. In this test-the sample
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was-submerged-in-study, the watersamples were tested at 50-2G-while-being-°Cin the wet condition until the

wheel loaded-repeatedhy-for-pass reaches to 20000 passes or unti-the rut depth reachedreaches to 20

mm. The irdex-“stripping inflection point (SIP)” index was obtained-and-used-in-the-analysis—SHP-shews,

which is defined as the number of wheel load passes at the intersection of creep slope and stripping

6 slope and signifies the onset of mixture moisture damage. Two replicates were tested for each
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3.2.5 Four-point beam (4PB) mixture fatigue-healing test

To study the healing performances of the mixtures—cerresponding—te, the asphaltevaluated;

themodified 4PB mixture-fatigue- test with an introduced healing testperiod was conducted. The beam

samples were subjected to dynamic four-point bending under the strain-control mode withat a

microstrain level of 1000 atwith a loading frequency of 10 Hz_at 25°C. During the healing period, the
specimens were cured at 50°C for 4h and afterward 25 °C for 24 h. —FheThe traditional N¢so failure

criterion was chosen for the analysis of the mixture prepared with base asphalt-mixture-andbinder while

the Nmm failure criterion was employed for the mixtures prepared with the modified asphalt

sineebinders. Since it is—cencludedhas been reported that the Nmwwm definition—offatiguetifefailure

criterion is more suitable for asphalt mixtures with modified binderst®®I3¢], To-study-the-healing-behavier

aftepnard-25-2Cfor24-h_The healing ratio of fatigue life for asphalt mixtures eeuld-beis calculated

asby using equation (8). Three replicates were tested for each samplemixture.

15
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HR =gl 100% @
where,
HR,pp— the healing ratio of the asphalt mixture;

Nt.anier— the fatigue life after healing;

Nt.iniiai— the initial fatigue life.

4 Results and discussion
4.1 BBS and SFE tests results of asphalt binders

The BBS test was performed to investigate the effects of different modifiers and their dosages on the
asphalt bond strength and healing property. Two healing conditions (dry and wet) and five healing cycles
were investigated. Frem-figure2-to-figured;From Figure 2 to Figure 12, the POTS and HR values of different

asphalt binders are plotted separately. For each binder, only two HRhealing POTS and healing ratio values

calewlated-forin the 1st and 5th healing cycle were presented and discussed. Also, the cohesion energy (Wy;),
wet adhesion energy (W,*¢%) and compatibility ratio (CR) of each asphalt binder derived from SFE test were
also shown and analyzed. The error bar was omitted since the COV values of the testing results were less

than 15% for all tested asphalt binders._It should be noted that since only one aggregate type (basalt) was

selected in this study, the following results may be limited to this asphalt-aggregate system.

16
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4.1.1 Effects of linear SBS modification
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Figure 2 BBS test results of linear SBS-modified asphalt.

Figure 2 shows the BBS test results of linear SBS-modified asphalt. The POTS and HR values of
linear SBS-modified asphalt are lower than those of the base asphalt, which manifests that linear SBS
modification harms the bonding strength and healing properties. It is also seen that POTS and HR
decrease with the increase of healing cycles. There is a notable drop in POTS values after the first
healing cycle. After that, the POTS values decrease in a much less range. This suggests the healing is a
long-standing behavior after multiple fractures. Besides, the HR values in the dry condition are always

higher than those in the wet condition, indicating the existence of water interferes with the asphalt
17
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binder healing process.

As for the effects of modifier dosage, under dry conditions, the initial POTS and HR peak when
3.0% linear SBS is added. For wet conditions, the initial POTS peak at 3.0% dosage while HR remains
similar for different dosages. Therefore, it is recommended that 3.0% as the optimum SBS dosage in

terms of bond and healing properties.
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Figure 3 SFE test results of linear SBS-modified asphalt.

Figure 3 shows the SFE test results of linear SBS-modified asphalt-_at various dosages. The

variatien-trend of modification on the cohesion energy W, is found to be consistent with the changes of

POTS and-HR-in-of SBS-modified asphalt at dry condition, whileas well as their healing ratio. It is also

found that the changes efin the wet adhesion energy W%é! and CR ceincide-withfall in the same trends as

those of POTS and HR inat wet the-condition, respectively. These results indicate that BBS tests could match

the principle changes of cohesion/adhesion energies of SBS-modified asphalt binders.

IntermsThe POTS of thechanges-6f-SBS modified asphalt echesive POTS-and-44—after SBS-is

added-underat a dosage level of 1.5% shows a lower value than the base binder at dry condition;. And

its cohesion energy is also lower than the base binder. This is because of that the SBS polymer could

18
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not fermgenerate a stable grid structure te-erhaneeenhancing the cohesive strength of asphalt when the

dosage is relatively low;-hewever-. Meanwhile, at low dosage level the SBS macromelecule-hinders

the-asphalt-hemegeneitymacromolecules may cause an issue of inhomogeneity in the binder, which

might eauseresult in stress concentration in asphalt-andresult-inthelower U4, —and POTS-valuesof

asphalt-with-lower-SBS-desagethe modified asphalt binder. On the other hand, SBS modification

increases the viscosity of binder, leading to its poor flowability, which reduces the opportunity of asphalt
to fully recreate the cohesive bond. In the dosage range of 3.0%~4.5%, SBS polymer could disperse

uniformly in base asphalt and formulate grid structure through the cross-linking reaction-premetes-the

formation-of-the-grid-structure. Some saturates and aromatics in asphalt enter into the SBS network,
which changes the component proportion of asphalt. The proportions of saturates and aromatics
decrease while those of asphaltene and resin increase, which contain the most chemically active
components, such as asphaltous acid, asphaltous acid anhydrides, and other polar components, which

promotes the cohesion energy and strength of asphalt to some extent. However,When the SBS polymer

content is higher than 6.0%, the cohesion strength and healing performance of modified binder are

negatively affected-when-SBS-desage-isrelatively-hish-(26-0%) due to the separation of SBS modifier

and the increased viscosity of asphalt.

The trend of W% follows the POTS change of SBS-modified asphalt under the wet condition.
The SBS polymer itself does not adhere to aggregate, and the large molecules makes it difficult for
aggregate to adsorb SBS-modified asphalt, leading to the fact that SBS-modified asphalt is prone to be
stripped from aggregate by moisture. In addition, its large molecules limit the asphalt movements,
resulting in a relatively lower healing capability. Furthermore, it is observed that the index CR could

illustrate the variation of asphalt healing performance. CR reflects the asphalt wettability in wet
19
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condition, which determines whether asphalt can penetrate the microstructure of the aggregate surface.
Higher CR implies that asphalt could recover the aggregate surface after adhesive fracture in the
presence of water.

In consideration of bond strength as well as healing performance, it is concluded that 3.0%~4.5%

is an optimum range of SBS dosage in terms of the results of BBS and SFE tests.
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4.1.2 Effects of crumb rubber modification
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Figure 4 BBS test results of crumb rubber-modified asphalt.

According to Figure 4, crumb rubber has a negative effect on the asphalt binder bonding, which is

similar to the SBS modifier. The POTS values decrease with the increase of crumb rubber dosage. The

reason for this phenomenon is that the homogeneity of asphalt is seriously affected by the rubber with

relatively larger particle size. Besides, the crumb rubber particle itself is not adhesive and could not

provide extra bond strength between the asphalt and aggregate. In contrast, it occupies the area on the
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surface of aggregate which could be taken by asphalt binder.

It is also noted that crumb rubber-modified asphalt has much lower HR values at wet conditions
in comparison with dry conditions, demonstrating that the healing property of crumb rubber-modified
asphalt is vulnerable to moisture. This is because that the existence of rubber particles causes a rugged
fracture surface after pull-off failure, and the gap between the cracks make the interface between asphalt
and aggregate prone to be intruded by water, interfering the asphalt infiltration to the aggregate.
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Figure 5 SFE test results of crumb rubber-modified asphalt.
However, no obvious regularity was found in the results of the SFE test according to Figure 5. This
is because of the effect of rubber particles on the smoothness of the glass slide surface and the sample
with a rough surface is prone to cause inaccuracy of test results. Figure 6 shows the comparison of the

glass slide with a rough surface (crumb rubber-modified asphalt) and the one with a smooth surface

(other asphalt).
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@ (b)
Figure 6 The appearance comparison of glass slides between (a) crumb rubber-modified asphalt and (b) other
asphalt.
To ensure the accuracy of the SFE test results, the surface of the prepared slide coated with asphalt
should be as smooth as possible, any bubbles or granular substances attached to the slide should be
avoided. For this reason, SFE is not a suitable measurement to evaluate the bond properties of crumb

rubber asphalt-aggregate combinations.
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1  4.1.43 Effects of TB rubber modification
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4 Figure 7 BBS test results of TB rubberized asphalt.
5 Figure 7 shows that TB rubber also negatively effects the bond and healing performance of asphalt.

6  10%~15% could be considered as the optimum dosage since the POTS and HR values of TB rubberized

7  asphalt show preferable bond and healing performance within this concentration range.
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Figure 8 SFE test results of TB rubberized asphalt.

The SFE test results in Figure 8 show obvious regularity and consistency with the results of the
BBS test. The accuracy of the SFE test results on TB rubberized asphalt could be ensured due to its
much finer rubber particles and superior storage stability. 15% TB rubberized asphalt presents the
highest cohesion energy and wet adhesion energy, which reconcile the variation of cohesive and
adhesive strength in the BBS test.

The dosage of TB rubber has a double-sided effect on the POTS and SFE values of asphalt. TB
rubberized asphalt is produced through devulcanizing crumb rubber at a very high temperature (>220°C).
The rubber particles become smaller molecular particles during the pyrolysis process and intermolecular
interaction (van der Waals force) decreases. As the dosage increases, the bond strength and surface energy
are enhanced as a result that some parts of the molecules get connected through chemical crosslinking or
physical entanglement and form a spatial network structure, and the Lewis acidic component of TB
rubberized asphalt increases as well. However, the adverse impacts of excessive TB rubber become
prominent when the dosage is high. Therefore, it shows a trend of growth followed by decline.

Both traditional crumb rubber and TB rubber harm the asphalt bond strength. By comparing Figure
25



1 4 with Figure 7, it appears that TB rubberized asphalt binders at relatively high dosages generally have
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10 2  better bond and healing property than the crumb rubber-modified asphalt, which is attributed to the fact
1

12 3 that the TB rubber can easily distribute in the asphalt due to its finer powder. The small TB rubber
13

14 4

granule could swell well and form a better interface transition layer with asphalt, which could dissipate

more stress and deflect the cracks under external force.

4.1.54 Effects of HDPE madification
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Figure 9 BBS test results of HDPE-modified asphalt.

According to Figure 9, the POTS and HR values of HDPE-modified asphalt keep increasing with
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the dosage from 2% to 8%. The HR value of 8% HDPE-modified asphalt at dry condition even reaches

102%, indicating the healing bond strength is even better than that before the initial fracture.
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Figure 10 SFE test results of HDPE-modified asphalt.

Figure 10 demonstrates that the trend of SFE test result of HDPE-modified asphalt is in agreement

with that derived from the BBS test. PE material has a low crystallinity and melting point and its
solubility parameters and polarity are similar to those of wax components in asphalt. The introduction
of HDPE into asphalt reduces the polarity and intermolecular interaction, also the chemical affinity
between asphalt and aggregate as well. With the increase of dosage, HDPE chains get folded and form
an interwoven structure, resulting in the improvement of surface energy.

The possible reason for the superior healing performance is that HDPE includes ethylene
homopolymer, the copolymer of ethylene and a small amount of olefin. The molecular structure of
HDPE is simple and symmetric, which contains very few short branches®"1¢, This kind of long-chain
structure with few branches has superior molecular mobility, which results in a fast re-infiltration and

re-bond of microcrack after the bond failure.
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1  4.1.65 Effects of gilsonite modification
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4 Figure 11 BBS test results of gilsonite-modified asphalt.
5 According to Figure 11, gilsonite modification at a proper dosage (<20%) can improve both the

6  bond strength and healing performance of asphalt. However, excess gilsonite (e.g. 24%) significantly
7 reduces the healing performance. During the test, it was observed that the fracture surface after the
8  second pull-off test was nearly the same as that after the first pull-off test, indicating little asphalt flow

9  and healing occurred during conditioning.
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Figure 12 SFE test results of gilsonite-modified asphalt.

According to the SFE test results shown in Figure 12, the variation of cohesion energy chimes with
the trend of dry POTS in the BBS test. However, the result of wet adhesion energy is inconsistent with
that of wet POTS. This can be explained by the fact that some samples in the wet condition presented
cohesive-adhesive combined failure rather than the total adhesive failure, which influenced the result
of the SFE test. Also, there is no significant coherence between wet HR and CR. This phenomenon of
inconsistency might be explained by the stiffness of gilsonite-modified asphalt. In spite that gilsonite-
modified asphalt has good wettability with aggregate, its flowability is limited by high stiffness at 25°C
(healing temperature), leading to the low HR values in the BBS test.

Compared with other modification, gilsonite modification can dramatically enhance the bond
strength and cohesion/adhesion energy of asphalt for the following reasons:

(1) high contents of metal and nitrogen elements increase the molecular polarity and wettability

of asphalt, which brings high inner cohesion energy and adhesion performance.

(2) gilsonite contains high contents of heavier components like asphaltene and resin because its
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light components tend to volatilize due to the long-term exposure to nature. During the
modification with asphalt, gilsonite absorbs the light components (nonpolar saturates and
aromatics) in base asphalt after the shear mixing and swelling development and a blended
asphalt system with a higher content of resin is formed, which is the strongest polar component
among the four components of asphalt and has obvious promotion effect on the asphalt surface
energy.
4.2 Cantabro loss/ HWT and 4PB fatigue-healing tests results of asphalt mixtures
In this study, the base binder and modified binders at the recommended or commonly-used dosages
(i.e. 4.5% SBS-modified asphalt, 15% TB rubberized asphalt, 24% gilsonite-modified asphalt, 8%
HDPE-modified asphalt, and 18% crumb rubber-modified asphalt) were selectedused to prepare HMA

mixtures by-usingin the laboratory for their performance tests. The same source of aggregates and the

Superpave-12.5 mix gradatiendesign were employed, except for the HMA mixture including the 18.0%

crumb rubber modified binder;—forwhich-a. A gap graded gradationmix design (ARAC-12.5)B3% was

chosen—TFhe-optimum-asphalt-content-formixtures-was-4-7% whiefor for the crumb rubber- modified

asphalt—_mixture. The asphalt content for the crumb rubber modified mixture was 6.1% was-determined:

Fhe-eohesive bond-(dryadhesive-bend-(wet)land-while it was 4.7% for the other modified asphalt

mixtures and control asphalt mixture with base binder. The voids content of crumb rubber-modified

asphalt mixture was 5.5%, and 4.0% for the other mixtures. The revelling resistance, moisture

susceptibility and fatigue-healing behavior of asphalt mixtures were evaluated through the Cantabro

loss test, HWT test, and 4PB fatigue-healing test respectively. The mixturemean values of main testing

results and their values of coefficient of variation are both shown in Table 2.
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39 11 test due to the inferior mobility of asphalt. By-comparisonbeth-18%The crumb rubber and 15% TB rubber
40
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asphalt-aggregate combinations, the mixture performance in-terms—of-bend-and-healing-properties—the

experimentaltest results of Cantabro-loss-and-dry & WLy &U —HRpp-aRe

HRass(afterL-healing-cyclehealed-in-dry-condition)-are correlated and-comparedwith the corresponding

POTS and cohesion/adhesion energies of asphalt-aggregate combinations, as shown in Figure 13. It is-werth

mentioningshould be noticed that in the correlation analyses the SFE data does not include the testing results

of crumb rubber-modified asphalt are—exeluded—from—the—correlation—binder due to the—inaceurate

experimental-data-its low repeatability caused by the rubber particles.
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40 16

42 17

BBS test and Wy; in SFE test show similar correlation with Cantabro loss of asphalt mixtures (R2=0.72,

wet
Isw

0.73 respectively) while for adhesion behavior, wet POTS shows better correlation (R2=0.75) than W'

with SIP in HWT test, manifesting in spite that SFE test results could reveal and explain the mechanism of

the variation tendency of bond performance of modified-asphalt binders with different dosages to some

extent, the evaluation result of BBS test is closer to that derived from asphalt mixture tests by comparison.

Mereever; The standard 4PB fatigue test could not reflect the healing ability of asphalt according to the poor

correlation (R2=0.16) between the HR values-ofin the BBS test-and 4PB-the fatigue life in the 4PB test. The

modified 4PB fatigue-healing test was performed to find the correlation between asphalt and mixture-heating-.

The HR values in the modified 4PB test show an apparent correlation (R?=0.89) with BBS healing test (after

1 healing cycle, healed in dry condition), demonstrating that the BBS healing test could reflect the fatigue-

healing performance of the corresponding asphalt mixture effectively. Based on the correlation analysis and

comparison, and also considering the experimental efficiency and cost, the BBS test is suitable to predict the

bond and fatigue healing behavior of asphalt pavements and could be determined as a screening experiment

in practical engineering.

5 Conclusions

In this study, the BBS test and SFE test were performed respectively on asphalt binders to evaluate

the bond and healing properties in terms of mechanical performance and mechanism analysis. Cantabro

loss test, HWT test, and 4PB fatigue-healing test were conducted on asphalt mixtures to verify the

evaluation accuracy of the two asphalt experiments on the cohesion, adhesion and healing properties of

asphalt. The results from asphalt binders and asphalt mixtures were correlated. The following

conclusions can be drawn from the results:
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In the aspect of the bond property, according to the BBS test and SFE test, only gilsonite could
enhance the cohesive/adhesive strength and surface energy of asphalt among all the tested
modification methods, however, excessive gilsonite (>20%) would reduce this improvement.
The other modifiers including linear SBS, crumb rubber, TB rubber, and HDPE have a negative
effect on the bond performance and the effects vary with the dosages of the modifiers. Moreover,
for each asphalt binder, the variations of its cohesion energy and wet adhesion energy in SFE test
are in accordance with those of the POTS in dry and wet conditions respectively, except for
crumb rubber-modified asphalt, the SFE test result of which is not available since the rubber
particles would interfere with the experimental accuracy.

In regard of asphalt healing performance, HDPE, crumb rubber and gilsonite ( <<20%)
modifications have a positive promotion effect, among which 8% HDPE-modified asphalt shows
the best healing performance (HR=102%) owing to the mobility enhancement effect of HDPE
on asphalt molecular. It is also noted that the variation trend of the SFE index “CR” is in
consistence with that of the HR under the wet condition in the BBS test (except for asphalt
modified with crumb rubber and gilsonite).

The Cantabro test, HWT test, and 4PB fatigue-healing test verify the accuracy of BBS testing the
cohesion/adhesion and healing properties. The correlations between Cantabro loss and dry POTS
(R2=0.72); SIP and wet POTS (R?=0.75); HR in 4PB mixture healing test and BBS healing test
(R?=0.89) indicate that the BBS test could reflect the stripping resistance and fatigue-healing
behavior of the corresponding asphalt mixture effectively, and could be determined as a screening
experiment in practical engineering.

Based on the results of bond and healing performances, the recommended dosage for each
35
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modified asphalt is as follows: 3.0% for linear SBS-modified asphalt, 15%~18% for crumb
rubber-modified asphalt, 10%~15% for TB rubberized asphalt, 8% for HDPE-modified asphalt

and 12%~20% gilsonite-modified asphalt.
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