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a b s t r a c t

Asphalt rubber (AR) is a sustainable paving material composed of bitumen and crumb rubber modifier
(CRM) recycled from waste tires. The interaction between bitumen and CRM re-distributes the bitumen
fractions and creates a multiphase internal structure of AR. Although the superior aging resistance of AR
has been acknowledged, the aging mechanism of AR remains unclear due to the limited understanding on
the behaviors of different phases of AR during aging. This study aims to investigate the structural and
mechanical evolution of AR binder during aging through micromechanical back-calculation and experi-
mental tests. A series of separation methods were used to disintegrate the multiphase system of AR at
four aging conditions. The mechanical properties of different phases obtained from frequency sweep tests
and their volumetric fractions were used as the input for the micromechanical back-calculation, which
yielded accurate prediction for the complex modulus of swelling rubber but failed for that of undissolved
rubber, so further chemical characterization was conducted to estimate its mechanical evolution. The
results indicated that the aging of AR is a process in which internal multiphase structures changed simul-
taneously with mechanical properties. All subphases became stiffer but their influences on the overall
mechanical property of AR variated after aging.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Recycling waste tires into crumb rubber modifier (CRM) for
bitumen modification has become a prevailing way to improve
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the durability and environmental benefits of asphalt paving mate-
rial. According to different preparation methods, several types of
rubberized asphalt materials can be produced while asphalt rubber
(AR) is the one that consumes CRM the most [1,2]. AR binder is pro-
duced by a high-shear mixing of bitumen and at least 15% of CRM
by weight of the total binder at 175–200 �C for 30–90 min [3].
When used as a paving material, AR provides enhanced rutting
and fatigue resistance as well as numerous environmental and eco-
nomic benefits. Therefore, it has gained fast-growing interest in
many countries during the past decades [4–6]. Although some
drawbacks of AR exist, such as poor workability and storage stabil-
ity, researches have shown that these concerns can be effectively
reduced by warm mix asphalt (WMA) technology, surface activa-
tion, nanotechnology, etc [7–10]. With the increasing application
of AR pavement around the world, one inevitable problem emerges
when its service life expires, which is the unclear recyclability of
the reclaimed AR pavement (RARP) due to the insufficient under-
standing of aging mechanisms of AR.

Compared with raw bitumen and common polymer modified
bitumen, the more intricate aging and recyclability mechanisms
of AR originate from the complex composition of CRM and its inter-
action with bitumen. The main components of CRM include natural
rubber (NR), synthetic rubber (SR), reinforcing agents (carbon
black, amorphous silica), and other additives like processing oil,
surfactants, and antioxidants [11]. Among various components of
CRM, the rubber polymers, carbon black, and anti-oxidants have
been found to mitigate the oxidation of bitumen during aging
and improve the aging resistance [12–14]. Despite this, the swel-
ling and dissolution of CRM in bitumen is the main reason that dif-
fers the aging behaviors of AR from other bitumen. When CRM
interacts with bitumen at high temperatures, the light fractions
of bitumen are absorbed into the rubber polymer network, ampli-
fying its volume by 3–5 times [15]. On the other hand, the dissolu-
tion of CRM can be comprehended as the physical size reduction of
CRM and the chemical degradation of rubber polymers during
preparation and aging process [11,16]. The combination of these
two behaviors leads to the partially swelling and partially dis-
solved state of rubber in bitumen, forming the multiphase struc-
ture of AR. The multiphase system of AR can be divided into
liquid phase (non-absorbed bitumen) and swelling rubber, while
the swelling rubber can be further divided into the absorbed bitu-
men and the undissolved rubber.

The swelling degree and dissolution level of rubber determine
the composition and the microstructure of AR system. While con-
siderable work has been done to investigate the rubber swelling
mechanisms in bitumen [17–19], how the swelling degree of rub-
ber changes during aging due to the increasing amount of asphalte-
nes and the rubber degradation remain unclear. Although a recent
study has demonstrated that the rubber absorption behaviors can
maintain a relatively stable mechanical property of swelling rubber
throughout the aging process [20], little is known about the struc-
tural and mechanical evolution of different phases and their influ-
ence on the overall property of AR during aging. However, it is
challenging to directly measure the varying mechanical condition
of rubber in AR during aging due to the difficulty of sample prepa-
ration and limitation of testing method. To address this challenge,
the analytical micromechanical model can be considered as a
potential tool.

Continuum mechanics-based micromechanical models have
increasingly been used to predict the mechanical properties of
bituminous materials for their merits of efficiency and effective-
ness [21]. Complex shear modulus is one of the most important
mechanical parameters for bituminous materials. So far, several
attempts have been made to use micromechanical models to pre-
dict the complex shear modulus of rubberized bitumen with
known properties of the constituents. Medina and Underwood
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[16] used Hashin and Christensen Models to predict the complex
shear modulus of activated crumb rubber bitumen by using rheo-
logical testing and electron microscopy to obtain the input param-
eters. In a comparative study, Wang et al. [22] suggested that the
generalized self-consistent model (GSCM) owned superior accu-
racy than several other analytical micromechanical models in pre-
dicting the complex modulus of AR binder with a high
concentration of CRM. However, very limited study has tried to
use it in a reverse way to calculate the property of individual con-
stituent within the composite. Only one study conducted by Jam-
rah et al. [23] combined experimental programs and finite
element based micromechanical model to back-calculate the mod-
ulus of swollen rubber and relate it to the macroscale material
behavior.

To further understand the aging and recycling mechanisms of
AR, this study aims to investigate the structural and mechanical
evolution rules of AR during aging. A combined method of
micromechanical modeling and experimental tests were applied
to characterize the properties of each phase in AR. The flowchart
of this study is shown in Fig. 1. AR binders at four different aging
conditions were separated into multiple sub-phases and their mass
and volume fractions were measured. Rheological and chemical
tests were conducted on different phases to characterize their
mechanical property or chemical composition. The GSCM was
selected for the modeling of AR binder with the input parameters
obtained from experimental tests and the generalized reduced gra-
dient (GRG) nonlinear solving algorithm was used for the back-
calculation. The findings of this study are expected to shed light
on the fundamental aging mechanism of AR and provide reference
for developing effective recycling approaches.
2. Experimental program

2.1. Sample preparation and aging procedure

A bitumen commonly used in Hong Kong with a penetration
grade of 60/70 (Pen60/70) was used as the raw binder, whose basic
properties are shown in Table 1. CRMs ambiently grinded from
end-of-life truck tires with a particle size between 0.3 and
0.5 mm were collected. A typical wet-process high viscosity AR
binder was produced by using a high shear mixer to blend 20%
CRM (by mass of raw bitumen) into raw bitumen at 180 �C and
4000 rpm for 60 min. Using such preparation procedure can ensure
the sufficient swelling of rubber, forming the multiphase structure
of AR. Meanwhile, the AR prepared by this procedure has been
proved to own superior rheological performance and aging resis-
tance [18,20].

A series of laboratory aging procedures were conducted to age
the AR binder. To simulate short-term aging, the standard rolling
thin film oven (RTFO) test was replaced by a thin film oven (TFO)
test as proposed by Wang et al. [12]. 20 g of AR binder was uni-
formly applied on a plate of 140 mm diameter to form a thin film
of 1.25 mm thickness, which was then placed in a 163 �C oven with
a horizontally spinning shelf for 2 h. In the TFO method, AR binder
can be more evenly aged and easier to remove from a plate than
the bottle used in the RTFO test. Meanwhile, standard pressure
aging vessel (PAV) test was conducted for simulating the long-
term aging, where 50 g TFO-aged AR binder was poured onto a
140 mm-diameter pan to form a film of 3.2 mm thickness. The
temperature and pressure of the vessel were set as 100 �C and 2.
1 ± 0.1 MPa, respectively. Two aging durations, 20 and 40 h, were
applied. To sum up, four aging conditions of AR binders were pre-
pared for testing, including unaged, TFO-aged, 20-hour PAV-aged,
and 40-hour PAV-aged, which were labeled as UN, TFO, PAV, and
2PAV, respectively, in this paper.



Fig. 1. Flowchart of this study.

Table 1
Basic properties of raw bitumen.

Item Method Unit Result

Penetration at 25 �C ASTM D5 0.1 63.5
Softening point ASTM D36 �C 48.2
Ductility at 10 �C ASTM D113 cm 32
Viscosity at 135 �C AASHTO T316 mPa�s 446
SARA fraction Saturates ASTM D4124 wt% 17.58

Aromatics 46.85
Resins 26.20
Asphaltenes 59.37
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2.2. Phase separation of AR binder

The interaction between bitumen and CRM created the multi-
phase system of AR, which can be separated into liquid phase
(non-absorbed bitumen fractions) and swelling rubber, while the
swelling rubber is comprised of absorbed bitumen fractions and
undissolved rubber. To investigate the role of each component in
the mechanical property of AR, a series of phase separation tests
were conducted, as illustrated in Fig. 2. Firstly, AR binders at differ-
ent aging conditions were poured onto a 200-mesh sieve net and
stored in an oven of 175 �C for 15 min so that the liquid phase
could flow through the sieve holes and leave the swollen rubber
on the sieve net. A cap was used to seal the sieve to reduce the con-
tact of binder with air and the whole device was put into a refrig-
erator immediately after the separation to avoid any further aging.
Complete separation of swollen rubber and liquid phase was
achieved when no liquid bitumen drip can be observed from the
downside of the sieve net. Secondly, the sieve net containing swol-
len rubber was wrapped up and put into the Soxhlet extractor.
Soxhlet extraction is a method of separating soluble substances
from insoluble solids by using specific solvents based on the sol-
vent reflux and siphonage, which allows unmonitored and unman-
aged operation while efficiently recycling a small amount of
solvent. The dichloromethane (DCM) solvent was used in this
study because it has a very low boiling point (39.5 �C). The whole
Soxhlet extraction device consisted of a Soxhlet extractor, a con-
denser, a flask, and an oil heating pot. The extraction ended when
the DCM solvent condensed in the Soxhlet extractor became trans-
parent and colorless, where the undissolved rubbers were left
3

inside the sieve net and the absorbed bitumen fractions were dis-
solved in the flask containing DCM solvent. Subsequently, the
absorbed bitumen fractions dissolved in the DCM solvent were
reclaimed by the evaporation method. Three replicates were pre-
pared for both separation methods, and the mass ratio of each
phase was recorded. The errors of mass ratios for different samples
were all less than 3%, which indicates high repeatability of the
adopted separation methods. It should be noted that in this study
the dissolution of CRM includes not only the degraded and desul-
furized rubber polymers and other components released into the
bitumen matrix, but also the microscale CRM particles possibly
shed or split from large CRM particles during preparation and
aging that can pass the 200-mesh sieve net (particle size < 0.075
mm). Such definitions have been adopted by many studies con-
cerning the binary system of AR [16,24,25].
2.3. Mass and volume measurements of different phases

After the AR, liquid phase (LP), absorbed bitumen fractions (AB),
and undissolved rubber (UR) were obtained, their theoretical max-
imum specific densities (qmm) were measured based on Archi-
medes’ principle. Since it is easy to generate relatively large
errors when measuring the density of powder or microparticles,
the density of undissolved rubber was not directly measured. Each
bituminous sample (except undissolved rubber) was heated and
poured into a silica gel mold, and then stirred by a glass stick to
expel the air. When the sample was cooled to room temperature,
it was removed from the mold and its mass in air (Mair) was
weighted. Subsequently, the sample was placed in a beaker filled



Fig. 2. Phase separation process of the AR binder.

D. Li, Z. Leng, H. Wang et al. Materials & Design 215 (2022) 110421
with water, and then the beaker was placed directly into a vacuum
container with a residual pressure of 10 kPa for 30 min to further
remove the air from the sample. Finally, the sample was quickly
transferred into the water tank of the scale and its mass in water
(Mliq) was weighted. Three replicates were tested. The qmm of dif-
ferent samples can be calculated by Equation 1.

qmm ¼ Mairqw=ðMair �MliqÞ ð1Þ

where qw = 0.997 g/cm3, which is the density of water at 25 �C.
Table 2 summarizes the density and mass ratios of different

phases in AR binder at different aging conditions. Obvious changes
can be found in the mass distribution of different phases during
aging, revealing the complex aging mechanism of AR. The volume
fractions of each phase were then calculated and served as input
parameters for the micromechanical modeling. The volume frac-
tions of undissolved rubber were calculated by subtracting the
Table 2
Mass ratio and density results.

Aging Conditions Mass ratio (%)

AR LP AB

UN 100 25.355 60.404
TFO 100 23.430 63.100
PAV 100 30.906 59.080
2PAV 100 37.689 53.557
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total volume of other phases from the volume of AR. More detailed
discussion is provided in the results and discussion section.
2.4. Frequency sweep test

An Anton Paar dynamic shear rheometer (DSR) was used to
measure the complex shear modulus of AR, liquid phase, swelling
rubber, and absorbed bitumen in a large frequency range. Since
this study focuses on the effect of aging on the overall rheological
property of AR binder, frequency sweep tests were conducted on
samples at four aging conditions. By doing so, the master curve
of each sample at different aging conditions can be established to
the evolution of their mechanical property. The temperature range
was 10–60 �C with an interval of 10 �C. Plates of 25 mm and 8 mm
diameter were used for tests at 40–60 �C and 10–30 �C, respec-
tively. The strain level of samples was controlled as 0.1% at 16
Theoretical maximum specific gravity
(qmm at 25 �C) (g/cm3)

UR AR LP AB

14.241 1.054 1.051 1.035
13.470 1.052 1.052 1.029
10.014 1.053 1.050 1.037
8.754 1.052 1.052 1.042
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specified frequencies between 0.1 and 100 Hz for each testing tem-
perature to maintain its linear viscoelasticity. The shift factors
were calculated by the Williams-Landel-Ferry (WLF) equation as
shown below:

logaT Tð Þ ¼ �C1ðT � Tref Þ
C2 þ ðT � Tref Þ ð2Þ

where aT Tð Þ is the shift factors; C1 and C2 are coefficients of regres-
sion; T is the experimental temperature; and Tref is the reference
temperature, which is 25 �C in this study. In addition, a modified
Christensen-Anderson-Marasteanu (CAM) model was adopted for
fitting the master curves of complex modulus as shown below:

G� ¼ G�
g

½1þ f c=f rð Þk�
m
k

ð3Þ

where G� represents the complex shear modulus, Pa; G�
g is the glass

complex shear modulus as the frequency approaches infinity, Pa; f r
is the reduced frequency, rad/s; f c is the crossover frequency, rad/s;
and k; and m are fitting coefficients.

d ¼ 90I � 90I � dp

1þ ½logðf p=f rÞRd
�2

� �md
2

ð4Þ

where d is the phase angle, �; dp is the value of the inflection point of
the phase angle master curve, �; f p is the location parameter at
which dp occurs, rad/s; Rd and md are fitting coefficients; and I ¼ 0
if f r > f p, I ¼ 1 if f r � f p.

2.5. Thermal gravimetric analysis (TGA) test

As a useful tool for determining the composition of tire rubber,
TGA tests were conducted on raw CRM and undissolved rubber
residues at four aging conditions as references for their mechanical
evolution of property during aging. A Rigaku instrument (Thermos
Plus Evo 8121) with nitrogen gas at a flow rate of 250 ml/min was
used. About 5 mg of sample was used for each test, which was
heated from ambient temperature to 700 �C with a heating rate
of 10 �C/min. The weight losses of a sample at different tempera-
ture ranges were recorded to represent the proportion of corre-
sponding components in the tire rubber.

2.6. Crosslink density measurement

The crosslink density of tire rubber, which can be regarded as an
indicator of the mechanical property, was determined by the swel-
ling solvent method and calculated based on the Flory-Rehner the-
ory [11]. Approximately 1.2 g of undissolved rubber residues at
four aging conditions were wrapped by the 200-mesh sieve net
and soaked into toluene solvent for 72 h. The local volume fraction
of rubber in a swollen state (Q) was calculated by:

/r ¼ V0=ðV0 þ V1Þ ð5Þ
where V0 is the volume of the dry rubber and V1 is the volume of
the toluene absorbed by rubber, cm3. Subsequently, the crosslink
density was calculated by:

vx ¼ � ln 1� /rð Þ þ /r þ v/2
r

ubð/
1
3
r � 1

2/rÞ
ð6Þ

where vx is the crosslink density of rubber, mol/cm3; v is the inter-
action parameter between rubber and toluene, which is taken as 0.4
according to Yao et. al [26]; and ub is the molar volume of the
toluene solvent, which is 106.29 mol/cm3.
5

3. Micromechanical modelling

3.1. Homogenization theory

When applying continuum mechanics-based micromechanical
models to describe the effective mechanical properties of heteroge-
neous composites like bituminous materials, one important strat-
egy is to apply the homogenization theory to the composite,
which can be understood as a homogeneous representative volume
element (RVE) filled by multiple sub-phases [27]. In view of this
concept, constituents with the same mechanical properties are
usually regarded as one phase. When subjected to a macroscopic
load, the stress and strain of each phase can be related to the over-
all modulus of the composite [28]. Therefore, a reasonable division
of the composite and accurate determinations of the input param-
eters, namely the volumetric fractions and mechanical properties
of various phases, significantly influence the accuracy of
prediction.

3.2. Generalized self-consistent model (GSCM)

In this study, the three-phase GSCM established by Christensen
and Lo [29] was utilized to describe the multiphase system of AR.
The GSCM describes a composite where a spherical inclusion
embedded in a spherical matrix possesses the same effective
mechanical properties as the surrounding equivalent homoge-
neous media. The formulation for the GSCM is given in a quadratic
form as follows:

AðGc

Gm
Þ
2

þ B
Gc

Gm

� �
þ C ¼ 0 ð7Þ

where Gc and Gm are the moduli of the composite and the matrix,
respectively; A, B, and C are functions comprising the mechanical
properties and volume fraction of inclusions and matrix, including
modulus, Poisson’s ratio, and volumetric concentration. The lengthy
equations of A, B, and C are listed in Appendix A.

3.3. Back-calculation of inclusion’s modulus using GSCM and GRG
algorithm

As aforementioned, most studies in the field of bituminous
materials utilized various micromechanical models to predict the
overall mechanical property of the composite or mixture, but little
effort has been taken to reversely calculate the properties of an
individual constituent when the properties of the composite and
other constituents are known. Since currently there is no attested
experimental method to evaluate the complex modulus of swelling
rubber and undissolved rubber, a back-calculation method based
on micromechanical modeling was designed. The idea was to
back-calculate the modulus of inclusion in GSCM with known
moduli and volume fractions of composite and matrix by the
GRG nonlinear solving method, which is an efficient algorithm
for the finding locally optimal solution for nonlinear problems
[30]. The nonlinear program is in the following form:

Minimize f ðXÞ ð8Þ

subject to gi Xð Þ ¼ 0; i ¼ 1; � � � ;m ð9Þ

li � X � ui; i ¼ 1; � � � ;n ð10Þ
where f ðXÞ is the function to be solved; X is a vector with n vari-
ables; gi Xð Þ are the nonlinear constraints; and li; andui are given
lower and upper bounds. A sequence step method was used where
only one inclusion was considered in each step [21]. Firstly, the
complex shear modulus of swelling rubber was back-calculated
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when treating AR as the composite and liquid phase as the matrix.
Furthermore, the swelling rubber and absorbed bitumen were
regarded as the composite and matrix to back-calculate the modu-
lus of undissolved rubber as inclusion. The volume fraction inputs
were derived from the phase separation test while the modulus
inputs were obtained from the master curves built based on fre-
quency sweep test results. The complex shear modulus of swelling
rubber calculated from GSCM and those measured by DSR were
mutually validated. As for the undissolved rubber residues which
cannot be tested by DSR, further chemical characterizations were
conducted to estimate the evolution of its mechanical property dur-
ing aging.
4. Results and discussion

4.1. Preliminary tests

In this study, DCM has been used as the solvent for the extrac-
tion of absorbed bitumen. Thus, worries existed if this solvent
would influence the properties of the bitumen and CRM particles,
which may impair the persuasiveness of this study. To ease such
worries, a series of preliminary tests were conducted to evaluate:
1) the mass loss of CRM after soaking in DCM for 24 h; 2) the dif-
ference in mechanical properties of bitumen after once dissolved in
DCM solvent; and 3) the chemical composition of CRM before and
after soaking in DCM solvent for 24 h. Three replicates were pre-
pared and tested for each task. Since they are not the main topics
of this study, the process of each preliminary test is not presented
in details in this paper.

The results indicated that the mass of CRM only decreased 0.8%
after soaking CRM in DCM for 24 h, which may mainly come from
the floating-away of some micro-sized CRM from the macroparti-
cles. It indicated that the use of DCM solvent led to insignificant
effect on the measurement of mass proportion for the undissolved
rubber. Furthermore, the master curves of complex shear modulus
and phase angle of raw Pen60/70 and Pen60/70 reclaimed from
DCM solvent were compared in Fig. 3, where the two curves are
basically overlapped with a minor average error of 3.55%. Thus,
the influence of DCM dissolution on the mechanical property of
bitumen can be neglected. Finally, the TGA results showed that
the ratios of NR, SR, and reinforcing agents in CRM slightly changed
from 37.64%, 18.27%, and 38.08% to 38.08%, 18.05%, and 36.79%,
respectively, after CRM was soaked in DCM for 24 h. Therefore, it
is believed that the DCM solvent did not alter the chemical compo-
Fig. 3. Comparison of Pen60/70 before and after reclaimed from DCM solvent.

6

sition of CRM either. In short, the preliminary tests proved the
applicability of the phase separation methods used in this study.

4.2. Volumetric variations of different phases during aging

Based on the mass fractions and density results, the volumetric
variations of different phases during aging were calculated and
plotted in Fig. 4. At unaged condition, it can be seen that the swel-
ling rubber (absorbed bitumen and undissolved rubber) took up
almost 75% of the volume in AR, which reflected the volume expan-
sion of CRM after absorbing the bitumen light fractions during
preparation. Meanwhile, the volume fraction of undissolved rubber
at unaged condition indicated that about one-third of CRM were
dissolved or split into particles smaller than 0.075 mm during
the preparation. The proportion of liquid phase slightly decreased
after TFO aging conditions due to the further absorption of rubber
under high temperature. During the long-term aging, the phase
variation became more obvious with a clear increasing trend for
the volume fraction of liquid phase and the corresponding
decreased volume fractions of absorbed bitumen and undissolved
rubber. Representing an internal structural change, the volumetric
variations in AR binder can be attributed to two aspects: 1) rubber
dissolved during aging so fewer bitumen fractions can be absorbed
and stored; 2) the molecular weight of absorbed bitumen fractions
increased during aging due to the oxidation and the transformation
from aromatics to asphaltenes, so the rubber lost its control on part
of the heavier fractions and expelled them into the liquid phase
[20].

4.3. Back-calculation of moduli of swelling rubber and undissolved
rubber

As a two-step back-calculation method was used, the complex
shear modulus of the swelling rubber was back-calculated first
and validated with that measured from DSR. It should be noted
that this is considered as a mutual validation because there are
two concerns when using DSR to measure the complex shear mod-
ulus of swelling rubber: 1) the inadequate flowability of swelling
rubber could lead to the difficulty of DSR sample preparation
including possible internal voids, uneven surfaces, and irregular
shapes (see the swelling rubber in Fig. 2); and 2) the swelling rub-
ber particles touching the measuring plates of DSR might cause
certain experimental errors. To quantify the discrepancy between
the results from two resources, the goodness-of-fit statistical tests
were conducted using following equations [31]:
Fig. 4. Volumetric variation of different phases in AR during aging.
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Se ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1ðG�
Bi � G�

DiÞ2
n� k

s
ð11Þ
Sy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðG�

Di � G�
D

�
Þ
2

n

vuut ð12Þ
R2 ¼ 1� n� k
n� 1

ðSe
Sy
Þ
2

ð13Þ

where Se is the standard error; Sy is the standard deviation; R2 is the
coefficient of determination;n is the number of data points; k is the
number of independent variables in the GSCM model; G�

Bi is the
complex shear modulus back-calculated from GSCM model; and
G�

Di is the complex shear modulus measured by DSR, whose average

value is G�
D

�
. Therefore, the complex shear moduli of swelling rubber

from GSCM back-calculation and DSR measurement at four aging
conditions as well as their coefficients of determination and relative
errors (Se=Sy) were plotted in Fig. 5. Comparing the two master
curves, both GSCM back-calculation and DSR measurement pre-
sented the frequency-dependent property of the swelling rubber.
The absorption of bitumen light fractions transforms the property
Fig. 5. Complex shear modulus master curves of swelling rub
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of CRM from elastic to viscoelastic, where the complex modulus
increased with the increasing frequency [17]. An overall accurate
correlation can be found between the two results from different
methods. Among four aging conditions, the PAV aged swelling rub-
ber showed the highest coefficient of determination (R2 ¼ 0:9983)
and lowest relative error (Se=Sy = 0.0419). The largest discrepancy
appeared at the unaged condition, where the coefficient of determi-
nation was 0.8662. However, given the order of magnitude of the
unit of complex shear modulus, this relative error can be considered
as acceptable. It can therefore be suggested that both GSCM back-
calculation and DSR measurement can be used to assess the com-
plex shear modulus of swelling rubber.

In step two, the back-calculation of the undissolved rubber was
attempted. Contrary to expectations, the back-calculation failed in
this case where the GRG solving method could not converge to a
solution for the modulus of undissolved rubber for most of the fre-
quency regions. Assuming the inputs of swelling rubber and
absorbed bitumen from DSR are reliable, the reason why the
back-calculation aborted could be deduced to the volumetric input
parameters. In GSCM, one critical assumption is that the inclusion
and matrix have no overlapping area [29]. However, the absorptive
behavior of rubber causes strong overlapping volumes between the
absorbed bitumen and rubber itself. Fig. 6 offers a possible expla-
ber from GSCM back-calculation and DSR measurement.



Fig. 6. Schematics of the different GSCMs for AR and swelling rubber.
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nation for the difference between the GSCM of AR and swelling
rubber. In AR, a relatively clear boundary exists between the swel-
ling rubber as the inclusion and the liquid phase as the matrix,
which led to the successful back-calculation. By comparison, the
absorbed bitumen is highly intersected with the undissolved rub-
ber instead of being a shell layer of matrix around the undissolved
rubber. The intertwined rubber network surrounded by bitumen
molecules may provide extra reinforcing mechanisms to the swel-
ling rubber system, so the GSCM did not fit in for this case. In other
words, although the actual physical volume of undissolved rubber
was obtained from the separation process, it could not represent
the effective volume of inclusion in GSCM when considerable
matrix is absorbed into the inclusion. The stress-strain patterns
of undissolved rubber and absorbed bitumen did not follow that
of inclusion and matrix assumed in GSCM, leading to the unsuc-
cessful back-calculation. Although alternative methods are
required to estimate how the mechanical property of undissolved
rubber evolved during aging, these findings provide another per-
spective to comprehend the distribution of different phases and
the internal structure of AR binder.
4.4. Rheological evolution of different phases during aging

As the internal structural change of AR binder during aging has
been revealed in the volumetric and mass analysis, how the
mechanical state of each phase evolves during aging deserves fur-
ther analysis. The complex shear moduli of AR, liquid phase,
absorbed bitumen, and swelling rubber are plotted together for
comparison in Fig. 7. For clarity, only the unaged and 2PAV condi-
tions were used to present their differences before and after aging.
Since an overall good correlation existed between the master
curves from DSR and micromechanical back-calculation, only the
DSR results of swelling rubber were included. Meanwhile, the mas-
ter curves of Pen60/70 at the two aging conditions were also pre-
sented for reference to evaluate the aging rate of AR.

At unaged condition, it can be seen that the swelling rubber per-
formed a softening role at high-frequency region and a stiffening
role at low-frequency region compared with AR and Pen60/70. As
the typical modification effect of swelling rubber, it can corre-
spondingly improve the fatigue and rutting performances of AR
[18]. Meanwhile, the master curve of Pen60/70 was just between
that of liquid phase and absorbed bitumen, which reflected that
the absorption behavior of rubber altered the distribution of bitu-
men light and heavy fractions. After 2PAV aging, all master curves
shifted upward due to the hardening effect of aging. The master
curve of Pen60/70 occupied the highest position, which indicated
that it was more vulnerable to aging than AR or any phases inside.
By comparison, AR showed superior aging resistance with less
8

changed rheological properties after aging. The different aging
rates between AR and Pen60/70 have been extensively quantified
in a previous study [20]. CRM improves the aging resistance of
bitumen in three possible manners: 1) the rubber polymer, carbon
black, and antioxidants in CRM can hinder the invasion of oxygen
into the bitumen; 2) the absorption behavior of rubber can pre-
serve the bitumen light fractions to maintain the softer mechanical
property of swelling rubber, which offsets part of the bitumen
hardening effect; and 3) the liquid phase can be rejuvenated when
the absorbed bitumen light fractions are expelled from swelling
rubber during aging [32]. By comparing the positional distribution
of different curves at two aging conditions, the mechanical role
changes of different phases during aging can be noticed. While
the heavier fractions were thrown out into the liquid phase, the
absorbed bitumen kept acting as the softest part and filling the
rubber to maintain its swelling state. As a result, the liquid phase,
whose mass and volume proportion rose with long-term aging,
gradually became the stiffest part inside the AR system due to
the increasing content of asphaltenes and dissolution of CRM.
Besides, the difference between the complex share moduli of swel-
ling rubber and AR was diminished across the whole frequency
region. However, whether the mechanical property of undissolved
rubber changed with aging still needs further investigation.
4.5. Chemical characterization of undissolved rubber

There are several instruments which can be used for evaluating
the modulus of tire rubber, such as dynamic mechanical analysis
(DMA) and nanoindentation, but these technologies are not appli-
cable when the samples are powder-like. Therefore, this study
adopted TGA and solvent-based crosslink density measurement
to indirectly assess the modulus evolution of undissolved rubber
during aging. In the TGA test, the thermal decomposition temper-
ature is the fingerprint of each component. Fig. 8 shows the TGA
results of undissolved rubber at unaged condition, where the TG
curve represents the mass loss pattern of sample, and the DTG
curve is the derivative of the mass loss curve representing the mass
change rate. Points A, B, and C are three inflection points in the DTG
curve dividing the components in CRM, namely additives (0–
300 �C), NR (300–400 �C), SR (400–500 �C), and the reinforcing
agents (>500 �C) [26,33]. Based on these rules, the concentration
of each component can be calculated by the mass loss in the corre-
sponding temperature range. Fig. 9 shows the change of different
component concentrations from raw state to 2PAV aging condition,
where the columns are normalized to the reinforcing agents for
better comparison. The concentration of processing additive
decreased rapidly from raw state to unaged condition but then
remained the same afterward. It indicates that the surfactants



Fig. 7. Rheological characterization of different phases in AR at unaged and 2PAV aging conditions.

Fig. 8. TGA curves of the undissolved rubber at unaged condition.

Fig. 9. Compositional variation of undissolved rubber during aging.
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and oil components in CRM were totally released into bitumen
during the preparation of AR. Meanwhile, an obvious decreasing
trend can be observed in the concentration of NR, while that of
SR just minorly decreased. NR, known as the cis-1,4-polyisoprene,
has a simple and flexible long-chain structure, but SR as artificial
rubber synthesized from petroleum by-products has more complex
structures [11]. This explains why the SR is less susceptible to
degradation during aging. Due to the sharp decrease in natural rub-
ber content, the proportion of SR and reinforcing agents in undis-
solved rubber accordingly increased after aging. The reinforcing
agents used in tire rubber include carbon black and silica fillers,
which are inorganics and considered to be unsusceptible to aging
in polymer science. The addition of reinforcing agents is for the
purpose of improving the strength, hardness, and anti-abrasion
property of tire rubber, so these agents themselves own much lar-
ger moduli than rubber polymers [34]. Furthermore, NR is reported
to get softer after devulcanization and thermal-oxidative aging, but
SR becomes stiffer after that [35]. Hence, it is reasonable to believe
that the undissolved rubber became stiffer after aging, but the
degradation of NR may soften the asphalt binder at the same time
to offset the hardening effect of bitumen aging.

On the other hand, crosslink density has been suggested to be
proportional to the hardness and elastic modulus of rubber [36].
Given the complex composition of tire rubber, the change of cross-
link density can be attributed to the varying proportions of compo-
nent with different crosslink densities. As shown in Fig. 10, the
crosslink density rapidly increased from raw state to unaged
because of the release of oily components into bitumen during
preparation process. Afterwards, the slight decrease of crosslink
density from unaged to TFO may be related to the corresponding
lower liquid phase ratio of AR at TFO condition. It indicated the fur-
ther swelling of rubber under the high temperature during TFO
aging, where the diffused bitumen light fractions promoted the
chain disentanglement of rubber polymer network. The crosslink
density then started to increase from TFO to 2PAV aging condition.
One major reason for this phenomenon is that the consistent
decline of NR during aging reduced the proportion of low crosslink
density component in undissolved rubber, while the proportion of
SR owning more complex crosslinking structures became domi-
nant [26]. Besides, the oxidation occurred during long-term aging
may also complicate the microstructure inside the undissolved
rubber. Therefore, combining the findings from two chemical tests,



Fig. 10. Crosslink density of undissolved rubber at different aging conditions.
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it could conceivably be hypothesized that the modulus of undis-
solved rubber in AR became larger after long-term aging.

4.6. Quantification of the mechanical role of different phases in AR
during aging

Previous section has qualitatively suggested that the mechani-
cal role of each phase in AR changed after aging. Despite this, it
is still important to quantify the contribution of each phase to
the overall mechanical property of AR at different frequencies,
which was calculated by following Equation.

DG�
k ¼ 1� G�

AR

G�
k

� �
� 100%; k ¼ 1;2;3;4 ð14Þ

where DG�
k defines the mechanical contribution of each phase; k = 1,

2, 3, and 4 refer to liquid phase, absorbed bitumen, swelling rubber
(DSR), and swelling rubber (GSCM), respectively; and G�

AR refers to
the complex shear modulus of AR. When DG�

k > 0, it shows a hard-
ening effect of the certain phase, and while DG�

k < 0, it shows a soft-
ening effect. The results at low, intermediate, and high frequencies
were summarized in Table 3, corresponding to the mechanical
properties of AR at high, intermediate, and low temperatures,
respectively. Different phases played different roles and cooperated
with each other to compose the overall mechanical property of AR
binder. The swelling rubber presented hardening effect at low fre-
quency region and softening effect at high frequency region at
unaged condition, which are the roots of the superior performance
of AR binder. However, it is found that these effects of swelling rub-
Table 3
Mechanical contribution of different phases to the overall system of AR.

Reduced frequency Phase Mecha

Unaged

5.63E�03 Liquid phase �84.0
Swelling rubber-DSR 48.4
Swelling rubber-GSCM 23.9
Absorbed bitumen �1577

5.37E+00 Liquid phase 48.5
Swelling rubber-DSR �17.2
Swelling rubber-GSCM �28.9
Absorbed bitumen �199.7

4.10E+03 Liquid phase 45.6
Swelling rubber-DSR �98.6
Swelling rubber-GSCM �63.3
Absorbed bitumen �19.5
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ber on the overall mechanical property of AR both weakened during
aging. The softening effect of the swelling rubber at high frequency
region weakened from �98.6% to �11.2% with aging due to its dete-
riorating swelling degree, which may result in a decline in the
cracking resistance of aged AR. Meanwhile, the liquid phase offered
more hardening effect than the swelling rubber at low frequency
region. Although certain discrepancies existed between the results
from DSR and GSCM, the overall trends were similar. Besides, the
softening effect of absorbed bitumen appeared to be excessive at
low-frequency region, which may imply that the mechanical contri-
bution of absorbed bitumen is very limited at high temperature and
its main function is to expand the rubber polymer network. By con-
trast, the absorbed bitumen presented similar or lower softening
effects than swelling rubber at high-frequency region.

5. Findings and recommendations

This study investigated the structural and mechanical evolution
of the multiphase system of AR binder during aging. Frequency
sweep, micromechanical back-calculation, and chemical character-
ization were combined to assess the complex shear modulus of dif-
ferent phases in AR binder at different aging conditions. The
following points summarize the main findings of this study:

� The multiphase structure of AR varied during aging, showing an
increase in the liquid phase content and a decrease of the swel-
ling degree of rubber due to the degradation of CRM and loss of
absorbed bitumen.

� The complex moduli of swelling rubber back-calculated from
micromechanical modeling correlated well with the results
from experimental tests at all aging conditions, which means
both ways are effective in characterizing the mechanical prop-
erty of swelling rubber.

� Rheological tests and micromechanical back-calculation indi-
cated that all bituminous phases (liquid phase, swelling rubber,
and absorbed bitumen) became stiffer after aging. However, the
stiffening effect of swelling rubber at low frequencies and its
softening effect at high frequencies both weakened after aging
while the liquid phase became the stiffest part in AR.

� TGA and crosslink density tests revealed the degradation of NR
polymers and the elevated proportion of SR and reinforcing
agents in undissolved rubber during aging, which symbolized
its increasing modulus.

To sum up, this study reached a deeper understanding on the
aging behaviors of AR and its multiphase system by using a series
of innovative phase separation and characterization methods. The
swelling and dissolution of rubber endowed the AR with improved
performance and aging resistance, but the swelling degree of rub-
ber inevitably deteriorated due to the bitumen aging and rubber
nical contribution (%)

TFO PAV 2PAV

�21.5 8.5 30.9
20.5 4.2 3.7
8.7 7.2 �8.0

.0 �1685.1 �1320.2 �615.9
58.7 48.6 39.3
�29.9 �57.2 �30.0
�36.5 �50.4 �34.7
�177.4 �228.3 �169.3
37.5 39.7 33.5
�84.6 �30.7 �11.2
�42.0 �27.7 �20.0
�32.5 �43.3 �31.3
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degradation. Such trends are theoretically applicable for all kinds
of wet-process high viscosity rubberized bitumen with a relatively
high dosage of CRM > 15 wt%. Different sources of raw bitumen
may affect the swelling degree of rubber at the unaged state, but
it may not affect the overall aging behaviors of AR. Besides, these
trends may not be suitable for the Terminal Blend (TB) type of rub-
berized bitumen because it emphasizes excessive dissolution of the
CRM during the production stage but not the sufficient swelling
condition.

The obtained findings can provide theoretical support for devel-
oping a more targeted rejuvenation method of RARP considering
the structural and mechanical evolution AR during aging. Attempts
can be made to combine rejuvenators and virgin AR with addi-
tional CRM to properly soften the liquid phase and supplement
the amount of sufficient swelling rubber in the RARP mixture,
which can recover the rheological property of RARP binder and fur-
ther promote the recycling of waste tires.
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Appendix A

Equations for the parameters of A, B, and C used in the GSCM are
listed as follows.

A ¼ 8
Gi

Gm

� �
� 1

� �
4� 5vmð Þg1/

10=3
i

� 2 63
Gi

Gm

� �
� 1

� �
g2 þ 2g1g3

� �
/

7
3
i

þ 252
Gi

Gm

� �
� 1

� �
g2/

5=3
i

� 25
Gi

Gm

� �
� 1

� �
7� 12vm þ 8v2

m

� �
g2/i þ 4ð7

� 10vmÞg2g3 ðA1Þ

B ¼ �4
Gi

Gm

� �
� 1

� �
1� 5vmð Þg1/

10=3
i

þ 4 63
Gi

Gm

� �
� 1

� �
g2 þ 2g1g3

� �
/7=3

i

� 504
Gi

Gm

� �
� 1

� �
g2/

5=3
i

þ 150
Gi

Gm

� �
� 1

� �
3� vmð Þvmg2/i þ 3ð15vm � 7Þg2g3 ðA2Þ
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C ¼ 4
Gi

Gm

� �
� 1

� �
5vm � 7ð Þg1/

10=3
i

� 2 63
Gi

Gm

� �
� 1

� �
g2 þ 2g1g3

� �
/7=3

i

þ 252
Gi

Gm

� �
� 1

� �
g2/

5=3
i

þ 25
Gi

Gm

� �
� 1

� �
v2
m � 7

� �
g2/i � ð5vm þ 7Þg2g3 ðA3Þ
g1 ¼ Gi

Gm

� �
� 1

� �
49� 50v ivmð Þ

þ 35
Gi

Gm

� �
v i � 2vmð Þ þ 2v i � vmð Þ

� �
ðA4Þ
g2 ¼ 5v i
Gi

Gm

� �
� 8

� �
þ 7

Gi

Gm

� �
þ 4

� �
ðA5Þ
g3 ¼ Gi

Gm

� �
8� 10vmð Þ þ 7� 5vmð Þ

� �
ðA6Þ

where G is the modulus; v is the Poisson’s ratio; and / is the volu-
metric concentration. The subscript i and m represent inclusion and
matrix, respectively.
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