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Waste rubber powder modified asphalt (WRMA) has attracted considerable attention due to its environmental friendliness and
excellent road performance. However, WRMA is susceptible to thermal-oxygen aging during long-term service, which causes
changes in the adhesion between asphalt and aggregates. It can lead to water damage and other defects in an asphalt mixture.
The present study was conducted to elucidate the mechanism, with which thermal-oxygen aging affects the adhesion properties
of WRMA-aggregate systems, comprising aggregates of limestone and diabase. A thin film oven and a pressure aging vessel
(PAV) were utilized in the simulation of various aging conditions of WRMA to systematically evaluate the adhesion energy,
peeling energy, and the pull-off tension strength (POTS) in dry conditions of a WRMA-aggregate system, based on the surface
free energy (SFE) theory, combined with pull-off tests and WRMA rheological properties. The results indicate that thermal-oxy-
gen aging increases the surface free energy and adhesion energy of WRMA in dry conditions but decreases the peeling energy in
wet conditions; thermal-oxygen aging weakens the water damage resistance of WRMA. In addition, the adhesion energy ratio
(ER) of acidic diabase is lower than that of alkaline limestone, indicating that it is more susceptible to the influence of moisture.
The pull-off tests showed that in dry conditions, a pull-off failure occurred within WRMA, while thermal-oxygen aging in-
creased the complex viscosity and cohesion energy of WRMA, enhancing its resistance to failure and improving adhesion to ag-
gregates in dry conditions. A strong positive correlation was observed between the complex viscosity, cohesion energy, and
POTS of WRMA. The V&C index proposed in this paper exhibits a high linear correlation with tensile strength, indicating that
the V&C index can effectively predict the adhesion performance of WRMA-aggregate systems in dry conditions. This study
provides a theoretical basis for optimizing the anti-aging design of WRMA pavement and evaluating the water stability of as-
phalt mixtures.

Keywords: thermal-oxygen aging, WRMA, surface free energy, adhesion, water damage

Asfalt modificiran s prahom iz odpadne gume (WRPMA; angl.: Waste Rubber Powder Modified Asphalt) je zanimiv zaradi
tega, ker je to okolju prijazen material in se odlicno obnasa med obremenitvijo cest. Vendar pa je WRPMA obcutljiv na
termi¢no staranje v kisiku (TOA; angl.: thermal-oxygen aging) med dolgotrajno uporabo. Ta povzrofa spremembe
oprijemljivosti med asfaltom in agregati, kar povzroc¢a poskodbe zaradi vode in druge defekte v asfaltni meSanici. V tem ¢lanku
avtorji opisujejo Studijo mehanizmov, ki vplivajo na adhezijo WRMA-aggregatnega sistema zaradi termi¢nega staranja v kisiku.
V studiji so uporabili kot agregat apnenec in diabaz. V peci za tanke filme in visokotla¢ni posodi (PAV; angl.: pressure aging
vessel) so izvajali simulacije staranja WRMA pri razlicnih pogojih ter sistemati¢no ovrednotili energijo adhezije, energijo
luscenja (lupljenja) in natezno trdnost (POTS; angl.: pull-off tension strength). Ovrednotenja so izvajali v suhih in mokrih
pogojih WRMA-aggregatnega sistema na osnovi teorije proste povrsinske energije (SFE; angl.: surface free energy) v
kombinaciji s POTS testi in reoloskimi lastnostmi WRMA. Rezultati analiz so pokazali, da termi¢no staranje v kisiku povecuje
prosto povrsinsko energijo in energijo adhezije WRMA v suhih pogojih. Vendar pa zmanjSuje energijo njegovega lus¢enja v
mokrih pogojih. Termicno staranje v kisiku slabi odpornost WRMA proti vodnim poskodbam. Dodatno je razmerje energij za
adhezijo v primeru uporabe kislega diabaza manjSe kot je pri bazicnem agregatu iz apnenca, kar kaZe na to, da je le-ta bolj
obcutljiv na vlago. POTS testi v suhih pogojih so pokazali, da je priSlo do odtrgavanja materiala znotraj asfaltnega sloja
WRMA, in da termi¢no-kisikovo staranje povec¢a kompleksno viskoznost in kohezijsko energijo WRMA. To povecuje njegovo
odpornost proti odlomu (odtrgavanju) in izbolj$a adhezijo agregatov v suhih pogojih. Avtorji so opazili tudi moc¢no pozitivno
korelacijo med kompleksno viskoznostjo, kohezijsko energijo in natezno trdnostjo WRMA. Indeks V&C, predlagan v tem
¢lanku, kaze visoko linearno korelacijo z natezno trdnostjo. Zato ta indeks lahko ucinkovito napove oprijemljivost izbranega
sistema WRMA-agregat v suhih pogojih. Ta Studija zagotavlja tudi teoreti¢no osnovo za optimizacijo zasnove asfaltnih zmesi
WRMA proti staranju in oceno stabilnosti asfaltnih meSanic v vodi.

Klju¢ne besede: temi¢no staranje v kisiku, asfalt modificiran z odpadno gumo, prosta povrsinska energija, adhezija, poskodbe
zaradi vode
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1 INTRODUCTION

With the rapid development of the automotive indus-
try, there is an increasing annual global generation of
waste tyres.! In the highway engineering industry, crush-
ing waste tires into rubber powder for use in asphalt
modification not only improves the performance and du-
rability of asphalt pavements but also effectively allevi-
ates the pollution caused by waste tires to the human liv-
ing environment and the natural environment.>* Waste
rubber powder swells and blends in the base asphalt, en-
hancing the performance of the base asphalt and improv-
ing the elasticity, high-temperature stability, low-temper-
ature performance, and fatigue resistance of traditional
asphalt mixtures.>"'® However, WRMA inevitably under-
goes thermal-oxygen aging during long-term service, re-
sulting in significant changes to its chemical composi-
tion and physical properties, which in turn affect the
adhesion characteristics between asphalt and aggregates.
The deterioration of adhesion performance is a key factor
causing water damage in asphalt mixtures. Therefore, it
is of great significance to thoroughly investigate the
mechanism of thermal-oxygen aging on the adhesion
properties of a WRMA-aggregate system for improving
the long-term performance of waste rubber powder mod-
ified asphalt pavements.'"!?

In recent years, surface free energy (SFE) theory has
been widely applied in evaluating asphalt-aggregate ad-
hesion performance due to its ability to quantify as-
phalt-aggregate interface interactions from a thermody-
namic perspective, thereby predicting the water damage
resistance of asphalt mixtures.!*-'8 Researchers used the
SFE theory to establish the relationship between the ad-
hesion properties of the asphalt-aggregate system and the
macro-scale test results of asphalt mixtures, such as the
freeze-thaw splitting strength ratio. They verified the re-
liability of the SFE method in characterizing the mois-
ture sensitivity of asphalt mixtures."”2> However, exist-
ing studies have primarily focused on base asphalt or
SBS-modified asphalt. There is a lack of systematic re-
search on the evolution patterns of SFE components dur-
ing thermal-oxygen aging in WRMA, as well as on the
adhesion mechanisms for different aggregates. Yang et
al.??* believe that the surface free energy and rheologi-
cal properties of asphalt have a certain impact on the ad-
hesion between asphalt and aggregate. On the one hand,
the decrease in surface free energy of asphalt means an
increase in interfacial tension between asphalt and aggre-
gate, which may weaken the adhesion between asphalt
and aggregate. On the other hand, by optimizing the rhe-
ological properties of asphalt (such as viscosity and elas-
ticity), the adhesion between asphalt and aggregate can
be improved. Rheological properties can be indicative of
the cohesion force of asphalt, as well as the molecular
interaction ability of the asphalt-aggregate system. The
alteration in the viscosity-elasticity ratio of asphalt can
also effectively elucidate the adhesion trend between as-
phalt and aggregate. The pull-off test is the most com-
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monly used method for evaluating adhesion strength me-
chanically, and researchers widely recognize its results
as reliable. Some researchers have investigated the effect
of aging on the adhesion strength of an asphalt-aggregate
system using pull-out tests, yielding differing conclu-
sions: Guo et al.> demonstrated that as the degree of as-
phalt aging increases, the POTS of the asphalt-aggregate
system decreases, while Xu et al.?¢ observed the opposite
phenomenon, indicating that the POTS of the asphalt-ag-
gregate system increases. These contradictory conclu-
sions indicate that the mechanism, with which aging af-
fects the asphalt-aggregate adhesion requires further
investigation.

This study systematically investigated the influence
of thermal-oxygen aging on the interfacial adhesion
characteristics of waste rubber powder modified as-
phalt-aggregate systems. Case studies included waste
rubber modified asphalt (WRMA), limestone aggregates,
and diabase aggregates. The study obtained WRMAs
with different thermal-oxygen aging degrees using a thin
film oven test (TFOT) and pressure aging vessel (PAV).
The SFE parameters of asphalt and aggregates were de-
termined using the sessile drop method, and parameters
such as the adhesion energy in dry conditions and the
peeling energy in wet conditions of the asphalt-aggregate
system were calculated. Combined with pull-off tests
and a rheological performance analysis of WRMA, the
adhesion failure mechanism between WRMA and aggre-
gates during aging was revealed.

2 RAW MATERIALS AND EXPERIMENTAL
DESIGN

2.1 Raw materials

2.1.1 Waste rubber powder modified asphalt

Ordinary waste rubber powder modified asphalt
(O-WRMA) is obtained by adding 22 % of waste rubber
powder (30-80 mesh) to the base asphalt. The prepara-
tion steps for ordinary waste rubber powder modified as-
phalt are as follows:

e Heat the base asphalt to 180 °C, and add waste rub-
ber powder; stir them for 20 min at a stirring rate of
300 min;

e A high-speed shearing machine cuts the mixture of
base asphalt and waste rubber powder for 20 min at a
shear rate of 5000 min';

e After shearing, the mixture is stirred at 180 °C for an-
other 60 min to obtain ordinary waste rubber powder
modified asphalt.

According to Chinese technical specification (JTG
E20-2011), the fundamental properties of O-WRMA are
shown in Table 1.

WRMAs with different degrees of aging were ob-
tained through different aging methods. For the thin film
oven test (TFOT), the prepared O-WRMA was placed in
a thin film oven at 163 °C for 5 h to obtain short-term
aged waste rubber powder modified asphalt. This asphalt
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Table 1: Performance of O-WRMA

Properties Unit |Test value| Test method
Penetration (25 °C) 0.1 mm 42 T0604-2011
Softening point °C 67.5 T0606-2011
Ductility
(5 °C, 1 cm/min) cm 9.0 T0605-2011
Elastic recovery
(25 °C, 5 cm/min) % 87 T0662-2000

was then placed in a PAV, with the temperature set to
100 °C and the pressure set to 2.1 MPa. It was aged for
20 h and 40 h to obtain long-term aged waste rubber
powder modified asphalt. The aging methods for WRMA
are shown in Table 2.

Table 2: Types of aged waste rubber powder modified asphalt and the
aging methods

Aging equipment

Asphalt type and parameters
Short-term aged waste rubber powder | Thin film oven,
modified asphalt (TFOT-WRMA) 163 °C,5h
PAV-20h long-term aged waste rubber o
powder modified asphalt IZDAIVMII%) Zg’h
(PAV-20hWRMA) ) ’
PAV-40h long-term aged waste rubber PAV. 100 °C
powder modified asphalt 2.1 MPa. 40 h
(PAV-40hWRMA) ) ’

2.1.2 Aggregates

In this study, limestone aggregate and diabase aggre-
gate were used, and their basic properties, including den-
sity and water absorption, were tested, as shown in Table
3. The chemical compositions of limestone and diabase
are shown in Table 4.

Table 3: Basic properties of limestone and diabase

. Wat b ti
Aggregate type Density (g/cm?) a ?‘;{Z ?((;Dr f ton
Limestone 2.702 0.22
Diabase 2.797 0.78

The high content of calcium oxide (CaO) and low
content of silicate (SiO,) in limestone aggregates indi-
cate that limestone is an alkaline aggregate. Diabase is a
basic rock with a SiO, content of 48 %, and belongs to
acidic aggregates.

2.1.3 Liquid for contact angle testing

The sessile drop method is based on measuring the
contact angle between a liquid with known surface free
energy parameters and asphalt/aggregate and then calcu-
lating the surface free energy parameters of the as-
phalt/aggregate. The number of liquids selected for test-

Table 4: Chemical compositions of limestone and diabase

ing is generally three or more, and they do not react with
asphalt/aggregate. In this experiment, the liquids were
distilled water, glycerol, and formamide. Table S shows
the surface free energy parameters of the three liquids at
a temperature of 25 °C.

Table 5: Surface free energy of liquids at 25 °C and its components
(contact angle test)

Surface free | Dispersion | Polar compo-
Liquid type energy y component nent
(mJ/m?) y¢ (mJ/m?) yP (mJ/m?)
Distilled water| 72.3 18.7 53.6
Glycerol 65.2 28.3 36.9
Formamide 59 394 19.6

2.2 Test methods and design

2.2.1 Testing of free surface energy parameters of
asphalt and aggregates

The sessile drop method is an optical measurement
technique used to determine the contact angle and evalu-
ate the wettability of solid surfaces. Figure 1 shows a
schematic diagram of liquid wetting and contact angles
on solids.

Surface free energy is defined as the energy required
to separate a liquid or solid under vacuum. Owkes and
van Oss?~% developed a method for indirectly measuring
the surface free energy of asphalt/aggregate through con-
tact angles. The surface free energy of liquids (y,) and the
surface free energy of solids (y;) include polar and dis-
persion components, as shown in Equations (1) and (2).

Yo=Yy M

Ve =Vy e 2)

Where y; and y? represent the dispersion component

and polar component of the surface free energy of the

liquid, respectively; y¢ and y° represent the dispersion

and polar components of the surface free energy of the
solid, respectively.

Fowkes?” pointed out that the dispersion forces be-

tween the liquid-solid interface could be characterized

by the geometric mean of the dispersion components of

Gas Yig

Liquid

Vsl

Figure 1: Schematic diagram of liquid wetting on solids

Aggregate SiOs Fe O3 ALO3 CaO MgO K,O Na,O Ti,O
Limestone 12.34 1.14 2.45 79.39 1.56 0.67 1.56 0.89
Diabase 48.16 2.68 17.24 18.67 7.57 1.9 3.2 0.58
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the liquid and solid. Owens*® extended this method to
make it applicable to polar components. Consequently,
the liquid-solid interface free energy (y..) can be ex-
pressed by Equation (3).

Vo =V Y =2y —2yiyt 3)

The Young equation®' describes the relationship be-
tween the contact angle of the liquid on solid and the
surface free energy, as shown in Equation (4).

)/l COSG:j/: _)/sfl (4)

Fowkes?® and Owens*! derived expressions for calcu-
lating surface free energy using dispersion components,
polarity components, and contact angles based on Equa-
tions (3) and (4), as shown in Equation (5).

d p
1+cos @ =2,y! ALan +2w/yf| 4
Y I

&)
14

Based on Equation (5), the surface free energy of a
solid can be calculated using the contact angle, as shown
in Equation (6).

l+cos® v, . |7} 3
==V} X [ Y (6)
TR T

2

Linear fitting is performed with Equation (6), which
can be expressed as y = mx + b, [y} /)/jl as the inde-

pendent variable, and y, (1+cos 0)/ 2.y} as the depend-

ent variable. The square of the slope of the linear equa-
tion is the polar component of the asphalt/aggregate, and
the square of the intercept is the dispersion component of
the asphalt/aggregate.

2.2.2 Preparation of asphalt/aggregate samples

2.2.2.1 Preparation of asphalt samples

The contact angle between the liquid and the WRMA
was measured using the sessile drop method. During the
experiment, the WRMA was heated to the molten state.
Then, a glass slide was inserted vertically into the liquid
asphalt and placed in a baking oven at 180 °C for three
minutes to form a smooth surface. Once the specimen
had cooled to room temperature, the contact angles be-
tween the WRMA and distilled water, glycerol, and
formamide were measured using a contact angle measur-
ing instrument (HARKE-SPCA) manufactured by
Beijing Hake Testing Instrument Factory.

2.2.2.2 Preparation of aggregate samples

A polishing machine was used to polish limestone or
diabase circular rock samples, achieving a smooth sur-
face. Then, the sessile drop method was used to measure
the contact angle between distilled water, glycerol,
formamide, and limestone/diabase aggregates.
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2.2.3 Evaluation indicators for asphalt-aggregate
adhesion

There are two types of adhesion failure in asphalt
mixtures: 1) failure of the asphalt material itself and 2)
failure of the interface between the asphalt and the ag-
gregate. The former is referred to as cohesion failure,
while the latter is referred to as bond failure.

2.2.3.1 Cohesion energy

Cohesion energy is defined as the energy required to
create two new surfaces within a homogeneous material.
Its value is equal to twice the material’s surface free en-
ergy. The cohesion energy values of asphalt (Ci.conesion)
and aggregate (Ci.conesion) are given by Equations (7) and
(8), respectively.

Cl—cnhssion = 2}/[ (7)
C s—cohesion 2'}/ s (8)

2.2.3.2 Adhesion energy and peeling energy

Failure of the interface between asphalt and aggre-
gate can occur in both dry and wet conditions. In dry
conditions, the adhesion energy between asphalt and ag-
gregate (Way) can be calculated using Equation (9). In
wet conditions, water damage occurs at the asphalt-ag-
gregate interface. According to the surface free energy
theory, this process can be regarded as the separation of
asphalt and aggregate, forming new asphalt-water and
water-aggregate interfaces. Equation (10) can be used to
calculate the peeling energy (Wy.) between asphalt and
aggregate:

Wy =277 +24707) )
W =27, +r 8] +yiy! -
~ris =l iyl ={virt)

where Wy,y represents the adhesion performance of ag-
gregate and asphalt in dry conditions, while Wy, char-
acterizes their ability to resist stripping in wet condi-
tions. The larger the Wary value, the stronger the
adhesion performance of the asphalt mixture in dry con-
ditions, and the larger the Wy value, the stronger its
water damage resistance in wet conditions. Figure 2
shows a schematic diagram of adhesion failure in the as-
phalt-and-aggregate system in wet conditions.

(10)

2.2.3.3 Adhesion energy ratio

ER — Wwel
w

dry

(1)

Here, ER is the adhesion energy ratio used to evalu-
ate the moisture sensitivity of the asphalt-aggregate sys-
tem. The higher the ER, the lower the moisture sensitiv-
ity of the mixture and the stronger its resistance to water
damage.
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E Asphalt
<

Aggregate

Water
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. PRI

Adhesive failure
in wet condition

Figure 2: Schematic diagram of adhesion failure of the asphalt-aggregate system in wet conditions

2.2.4 The binder bond strength (BBS) test

The BBS test is the standard test specified by
AASHTO for evaluating the bond performance of an as-
phalt-aggregate interface. The loading rate tested in this
study is 0.7 MPa/s. The preparation of the pull-off test
specimens is as follows: First, the WRMA is heated to
185 °C; approximately 2 g of WRMA is dropped onto
the aggregate substrate, and covered with the stub. Then,
pressure is applied to the stub by placing a 2.25 kg
weight on it. A specimen is cured in a 25 °C environ-
ment for two hours to allow for the formation of the as-
phalt-aggregate bond strength. Finally, the specimen is
cured for a further 24 h at 25 °C; then a Posit Test AT-T
pull-off tester is used to perform a vertical pull-off test
on the stub adhering to the aggregate substrate and the

pull-off tensile strength (POTS) is measured. The BBS
test process is shown in Figure 3.

2.2.5 Viscosity testing of WRMA

A DHR-2 Dynamic Shear Rheometer (DSR), manu-
factured by the American company TA Instruments, was
used to measure the complex viscosity of WRMA at
room temperature, with the test mode set to temperature
scanning.

Basic parameters of the temperature scanning mode:
Parallel plate dimensions: diameter of 25 mm;

Strain: 1 %;

Frequency: 10 rad/s;

Temperature: 16-34 °C, with a temperature interval of

6 °C.

Figure 3: BBS test process: a) the stub surface, b) schematic view of the stub surface, c) the stub bonded to the aggregate substrate, d) applying a
certain pressure to the stub, e) pull-off test, f) BBS test schematic diagram
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thermal-oxygen aging

Limestone, Diabase

Complexviscosity of waste rubber
powder modified asphalt

cohesion energy.

adhesion energy.
adhesion energy

ratio, V&C index

Pull-off test

Adhesion characteristics of aged waste rubber powder
modified asphalt-aggregate system

Figure 4: Workflow diagram

3 RESULTS AND DISCUSSION

3.1 Analysis of the surface free energy parameters of
WRMA

The contact angles of distilled water, glycerol,
formamide, and WRMA were measured using the sessile
drop method. The results are shown in Table 6. The sur-
face free energy parameters of WRMA were also calcu-
lated. As shown in Table 6, the contact angles between
WRMA and distilled water are all greater than 90°. In
contrast, the contact angles between glycerol,
formamide, and WRMA are less than 90°, indicating that
the surface of WRMA is more easily wetted by glycerol
and formamide and thus it has higher hydrophobicity.
Thermal-oxygen aging has little effect on the contact an-
gle between WRMA and distilled water, indicating that it
has a low impact on the hydrophobic properties of
WRMA.

Table 6: Contact angles between WRMA and liquids and coefficients
of variation

Distiltl:;i Wa 1 Glycerol | Formamide
Asphalt type

oy CV o | CV o | CV
O-WRMA 96.0 | 1.42 | 89.2 | 1.56 | 83.7 | 2.86
TFOT-WRMAA | 959 | 1.37 | 849 | 2.31 | 80.6 | 2.14
PAV-20hWRMA | 97.6 | 1.31 | 879 | 2.45 | 79.9 | 2.89
PAV-40hWRMA | 91.0 | 1.56 | 84.2 | 2.54 | 769 | 2.71

816

Figure 5 shows the surface free energy parameters of
WRMA, calculated using Equation (6).

As shown in Figure 5, the surface free energy of
WRMA increases gradually with aging, which is condu-
cive to improving the adhesion of asphalt. Compared
with O-WRMA, thermal-oxygen aged WRMA exhibits
larger dispersion and polar components, with the disper-
sion component being significantly higher than the polar
component, indicating that the dispersion component
dominates. The increase in dispersion components is at-
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Figure 5: Surface free energy parameters of WRMA
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tributed to the thermal-oxygen aging, resulting in a cer-
tain degree of desulfurization and degradation of the
waste rubber powder, a reduction in the particle size of
the waste rubber powder and the formation of a sol-gel
layer on its surface, thereby improving its compatibility
with the base asphalt. The polar components account for
a relatively small proportion of the surface free energy.
As the degree of aging increases, the polar components
in WRMA tend to rise due to desulfurization and degra-
dation that promote the activation of waste rubber pow-
der, causing it to swell in the base asphalt and absorb
more light components, such as saturated and aromatic
fractions. The reduction in saturated and aromatic com-
ponents leads to a relative increase in the content of po-
lar substances, such as asphaltenes in the base asphalt.
Therefore, thermal-oxygen aging increases the polar
components in WRMA.

3.2 Analysis of the surface free energy parameters of
aggregate

The contact angle between distilled water, glycerol,
formamide, and aggregate was tested using the sessile
drop method, and the results are shown in Table 7. As
shown in this table, the contact angles between lime-
stone/diabase and distilled water, glycerol, and
formamide are all less than 90°. Compared with WRMA,
the contact angles between aggregates and distilled wa-
ter, glycerol, and formamide are significantly reduced,
indicating that liquids more easily wet the aggregate sur-
face. Compared to limestone, diabase has a smaller con-
tact angle with water, indicating that water is more easily
absorbed by acidic diabase, which can easily cause water
damage to the diabase-asphalt system.

Table 7: Contact angles between aggregates and liquids and coeffi-
cients of variation

Aggregate Distilled water Glycerol Formamide
type © (°) |ICV (%) 0 (°) [CV (%) © (°) [CV (%)

Limestone 82.1 134 | 764 | 234 | 53.6 | 2.03

Diabase 60.2 | 1.67 | 49.0 | 2.56 | 30.1 | 2.26

Figure 6 shows the surface free energy parameters of
limestone/diabase, calculated using Equation (6).

As shown in Table 7, the surface free energy, disper-
sion component, and polarity component of diabase are
all greater than those of limestone, with the dispersion
component contributing significantly to the surface free
energy. The differences in surface free energy parameters
between different types of aggregates are mainly related
to their mineral composition. Compared with WRMA,
the surface free energy values of the aggregates are
higher. Rocks are composed of minerals, which are sub-
stances with high surface free energy, while asphalt is
composed of non-polar hydrocarbons, resulting in differ-
ences in surface free energy parameters between aggre-
gates and asphalt.
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Figure 6: Surface free energy parameters of limestone and diabase

3.3 Analysis of cohesion energy of WRMA and aggre-
gates

The cohesion energy is twice the surface free energy
of a material. The cohesion energy values of WRMA and
aggregates are shown in Table 8.

Table 8: Cohesion energy of WRMA and aggregates

Material type Cohesion energy (mJ/m?)
O-WRMA 38.08
TFOT-WRMA 41.96
PAV-20hWRMA 48.72
PAV-40hWRMA 51.34
Limestone 81.66
Diabase 95.10

The greater the cohesion energy of a material, the
greater the energy required to separate it. An increase in
the cohesion energy of asphalt and aggregates enhances
their resistance to internal damage, thereby improving
the water stability of asphalt mixtures. As thermal-oxy-
gen aging progresses, the cohesion energy of WRMA ex-
hibits an upward trend, indicating that thermal-oxygen
aging enhances the resistance of WRMA to internal
damage.

3.4 Analysis of adhesion parameters of WRMA-aggre-
gate system

The adhesion energy and peeling energy of an as-
phalt-aggregate system are closely related to the surface
free energy parameters of asphalt and aggregate. The ad-
hesion energy and peeling energy of the asphalt-aggre-
gate system can be calculated using Equations (9) and
(10), respectively. The calculation results are shown in
Table 9.

According to Table 9, an increase in the surface free
energy of WRMA leads to an increase in the adhesion
energy between the asphalt and limestone/diabase, indi-
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Table 9: Adhesion energy and peeling energy of WRMA-aggregate system

Aggregate type Asphalt type Surfacghgﬁe(ﬁ?]%g{;) of as- Adhe(slil(}r/l nc-l:;l)ergy Peel(llrlll%/zlze)rgy
O-WRMA 19.04 55.04 52.83
Limestone TFOT-WRMA 20.98 58.18 50.75
PAV-20hWRMA 24.36 62.90 4891
PAV-40hWRMA 25.67 64.61 48.28
O-WRMA 19.04 58.86 46.61
Diabase TFOT-WRMA 20.98 62.36 44.70
PAV-20hWRMA 24.36 67.54 43.32
PAV-40hWRMA 25.67 69.42 42.86

cating that thermal-oxygen aging enhances the adhesion
between WRMA and aggregates in dry conditions. In
road environments, asphalt mixtures are always affected
by moisture. In wet conditions, water molecules can eas-
ily penetrate an asphalt-aggregate system. Under the
combined effects of vehicle loads and dynamic water
pressure, the asphalt-aggregate interface gradually trans-
forms into separate aggregate-water and water-asphalt
interfaces. Ultimately, this leads to water damage. In wet
environments, as the aging degree of WRMA increases,
the peeling energy between asphalt and aggregate be-
comes smaller, and water molecules are more likely to
invade the WRMA-aggregate system, indicating that
thermal-oxygen aging can weaken the adhesion between
WRMA and aggregate in wet conditions. Compared to
limestone, the peeling energy of WRMA and diabase is
lower, and the WRMA-diabase system is more suscepti-
ble to water damage.

Figure 7 shows the adhesion energy ratio of the
WRMA-aggregate system. As the degree of thermal-ox-
ygen aging increases, the adhesion energy ratio of the
WRMA-aggregate system gradually decreases, indicat-
ing that the water damage resistance of the WRMA-ag-
gregate system decreases. Thermal-oxygen aging re-
duces the water stability of the waste rubber powder
modified asphalt mixture. The adhesion energy ratio of

B 0-WRMA

[ ] TFOT-WRMA
B PAV-20hWRMA
. B PAV-40hWRMA

100 1

80

60 -

40

Adhesion energy ratio (%)

20

diabase

limestone

Aggregate
Figure 7: Adhesion energy ratio of WRMA-aggregate system
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the WRMA-diabase system is lower than that of lime-
stone, meaning that the diabase mixture is more moisture
sensitive.

3.5 Analysis of complex viscosity of WRMA

The complex viscosity is a comprehensive reflection
of the dynamic balance between the elasticity and vis-
cosity of WRMA, characterizing its deformation resis-
tance and fluidity. Figure 8 illustrates the complex vis-
cosity of WRMA at temperatures ranging from 16 °C to
34 °C.

As shown in Figure 8, the complex viscosity of
WRMA gradually increases with the aggravation of ther-
mal-oxygen aging. On the one hand, thermal-oxygen ag-
ing causes waste rubber powder to form a sol-gel layer,
enhancing its compatibility with the base asphalt. On the
other hand, during the aging process, light oil compo-
nents such as aromatic and saturated fractions in the base
asphalt continuously decrease, leading to an increase in
the viscosity of the entire WRMA system and a corre-
sponding decrease in its flow properties. Roads usually
serve at room temperature. This investigation analyzes
the relationship between the complex viscosity and sur-
face free energy of WRMA at room temperature and
studies the influence of rheological parameters on sur-
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Figure 8: Complex viscosity of WRMA
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Figure 9: Fitting of 22 °C complex viscosity and surface free energy
of WRMA

face free energy. The complex viscosity of WRMA at 22
°C was selected, and a linear regression analysis was
performed between the complex viscosity at 22 °C and
the surface free energy. Figure 9 shows a high linear cor-
relation between the complex viscosity at 22 °C and the
surface free energy, with an R? value of 0.932.

3.6 Analysis of POTS and adhesion of WRMA-aggre-
gate system

The POTS in the pull-off test can reflect the adhesion
strength of the WRMA-aggregate system. The room
temperature POTS values of WRMA with limestone and
diabase are shown in Figure 10.

As shown in Figure 10, the POTS values of WRMA
and aggregate gradually increase as the degree of ther-
mal-oxygen aging increases. The difference in the POTS
between WRMA-limestone and WRMA-diabase is rela-
tively small. In the pull-off test, it was found that all ten-

3.0

I O-WRMA

101 TFOT-WRMA

9.5 - I PAV-20hWRMA ,
B PAV-40hWRMA 2..23

2.15

POTS (MPa)

limestone diabase

Aggregate
Figure 10: POTS of WRMA-aggregate system
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sile failures occurred within the WRMA, as illustrated in
Figure 11, indicating that the bond strength between the
WRMA and aggregate is greater than that of the WRMA
itself. Based on this, it can be concluded that the POTS is
primarily related to the cohesion energy and viscosity of
WRMA and is less influenced by the adhesion energy
and peeling energy of the WRMA-aggregate system. As
the degree of thermal-oxygen aging increases, the com-
plex viscosity of WRMA gradually increases, and the en-
ergy required to disrupt its internal structure also in-
creases. Therefore, the POTS of the WRMA-aggregate
system gradually increases. As the types of asphalt are
the same and the POTS is less affected by adhesion at the
asphalt-aggregate interface in dry conditions, the POTS
for the WRMA-limestone system is essentially the same
as for the WRMA-diabase system.

In dry conditions, due to the absence of moisture ero-
sion, the interface of pull-out failure is cohesive failure,
and there is basically no adhesive failure area. This indi-
cates that pull-out failure occurs inside the waste rubber
powder modified asphalt in dry conditions, and the
pull-out strength is less affected by the type of aggregate
and more affected by the properties of asphalt. To ana-
lyze the relationship between the adhesion of
WRMA-aggregate system and asphalt properties in dry
conditions, a linear correlation analysis was conducted
on the POTS, complex viscosity, and surface free energy
parameters of WRMA. Table 10 shows the POTS, 22 °C
complex viscosity, and cohesion energy of WRMA.

According to Table 10, in dry conditions, the pull-out
strength of WRMA is greatly affected by viscosity and
cohesive work. The pull-out failure interface only exhib-
its cohesive failure, and there is no adhesive failure area.
To analyze the relationship between the POTS of
WRMA and its complex viscosity and cohesion energy, a
new parameter was developed: the V&C index, com-
posed of the complex viscosity and cohesion energy of
WRMA. The V&C index includes dimensionless param-
eters derived from viscosity and cohesion energy. The

Figure 11: Failure morphology of the pull-off interface in the BBS
test
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Table 10: POTS, 22 °C complex viscosity, and cohesion energy of WRMA

Aggregate type Asphalt type I(DI\?HT,:) 22°C C"I(Ig;‘:’)‘ viscosity COhe(Sr;OJI}nf?)ergy
O-WRMA 0.82 165203 38.08
Limestone TFOT-WRMA 1.37 247652 41.96
PAV-20hWRMA 1.71 301567 48.72
PAV-40hWRMA 2.23 316371 51.34
O-WRMA 0.77 165203 38.08
. TFOT-WRMA 1.35 247652 41.96

Diabase

PAV-20hWRMA 1.67 301567 48.72
PAV-40hWRMA 2.15 316371 51.34

dimensionless treatment (averaging treatment) of the
complex viscosity and cohesion energy of WRMA, as
well as the calculation steps for the V&C index, are as
follows:

(1) Listing the true values of the complex viscosity or
cohesion energy of WRMA.

X, ={X, (bJk=1,23,4} (i = viscosity, cohesion) ~ (12)

(2) By calculating the mean of the sequence of the
numbers presented above, denoted by X;, and assuming
that the mean value is X,, it is possible to obtain the
dimensionless values of complex viscosity and cohesion
work.

Y,(k) ={X,(k)/ X [k =1,23,4} (13)
(3) Calculation of the V&C index.
V&C = Yviscosity(k) + Ycohesion(k)v k = 1’2’3’4 (14)

Numerals 1, 2, 3 and 4 are used to denote O-WRMA,
TFOT-WRMA, PAV-20hWRMA and PAV-40hWRMA,
respectively.

The V&C index of WRMA is obtained using Equa-
tion (15). The V&C index of WRMA and its tensile
strength are shown in Table 11.

The V&C index and POST of WRMA were fitted.
Figure 12 shows that the V&C index and POST of
WRMA exhibit a high linear correlation. When the ag-
gregate is limestone, the R? of the linear regression equa-
tion is 0.936. When the aggregate is diabase, the R? of
the linear regression equation increases to 0.946, indicat-

2.4

= fit line

(a) 9

y=1.438x-1.347
R*=0.936

Tensile strength (MPa)
X
A

ing that the V&C index can effectively predict the POST
of WRMA in dry conditions. The larger the V&C index,
the greater the adhesion energy between WRMA and ag-
gregate, which means that the adhesion between WRMA
and aggregate is stronger.

Table 11: V&C index and POST of WRMA

Agtgyrggate Asphalt type | V&C index |POST (MPa)
O-WRMA 1.49 0.82
Limestone | TFOT-WRMA 1.89 137
PAV-20hWRMA 2.26 171
PAV-40hWRMA 237 223
O-WRMA 1.49 0.77
Disbase | TFOT-WRMA 1.89 135
PAV-20hWRMA 2.26 1.67
PAV-40hWRMA 237 2.15

4 CONCLUSIONS

Based on the surface free energy theory, combined
with pull-out tests and an asphalt rheological analysis,
this study systematically investigates the effect of ther-
mal-oxygen aging on the adhesion properties of
WRMA-aggregate systems. The main conclusions are as
follows:

Thermal-oxygen aging increases the surface free en-
ergy of WRMA, with the dispersion component domi-
nating. During thermal-oxygen aging, waste rubber pow-

| =—— fit line

(b) °

y=1.413x-1345
R?=0.946

Tensile strength (MPa)

2.0 2.2

Vé&C Index

2.0 2:8
V&C Index

Figure 12: Fitting between the V&C index and the POST of WRMA: a) limestone, b) diabase
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der undergoes desulfurization and degradation, and the
light components of the base asphalt decrease, leading to
an increase in both the dispersion component and the po-
lar component of the asphalt. After 40 h of PAV aging,
the surface free energy of O-WRMA increased from
19.04 mJ/m? to 25.67 mJ/m?, thereby enhancing its resis-
tance to external damage.

As the degree of thermal-oxygen aging increases, the
adhesion energy of the WRMA-aggregate system gradu-
ally increases in dry conditions, but the peeling energy
decreases in wet conditions.

Thermal-oxygen aging is beneficial for the adhesion
between WRMA and aggregate in dry conditions, in-
creasing the POTS of the WRMA-aggregate system. In
wet conditions, as the degree of aging of WRMA in-
creases, water molecules become more easily absorbed
into the WRMA-aggregate system, and aging weakens
the water damage resistance of the WRMA-aggregate
system.

Compared to alkaline limestone, the WRMA-diabase
system exhibits lower peeling energy and adhesion en-
ergy ratio (ER), confirming that acidic aggregates are
more susceptible to water erosion. The WRMA-diabase
system is relatively sensitive to water and has relatively
low resistance to water damage.

In dry conditions, tensile failure occurs exclusively
due to the failure of asphalt cohesion. The V&C index,
which is based on the complex viscosity and cohesion
energy of WRMA, demonstrates a high linear correlation
with the POTS. The V&C index was shown to effectively
predict the POTS of WRMA in dry conditions, thereby
reflecting the adhesion between the WRMA and the ag-
gregate.
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