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ARTICLE INFO ABSTRACT

Keywords: The chemo-rheological properties of crumb rubber modified bitumen are always unstable due to the mutable and
Crumb rubber modified bitumen uncontrollable swelling-degradation degree of crumb rubber in bitumen matrix. The study aimed at exploring the
Swelling . continuous swelling and degradation behaviors of crumb rubber modified bitumen (CRMB) considering the
Eﬁi;ﬁa:;;: influence of rubber size through monitoring the dynamic viscosity changes of CRMB binders. Moreover, the
Rheology synergistic effects of swelling-degradation degree and rubber size on the chemical and rheological properties of

CRMB were investigated. The results revealed that the rubber size significantly influenced the swelling and
degradation behaviors of CRMB. The reduction of rubber size shortened the equilibrium swelling and degra-
dation time, while increased the related viscosity dramatically. Moreover, during the degradation process, the
decrease of rubber size could accelerate the continuous swelling rate, increase the maximum viscosity and reduce
the continuous swelling time of CRMB. Meanwhile, the high swelling degree and large rubber size were bene-
ficial to enhance the high temperature properties, while the CRMB binder with high degradation degree showed
the better low-temperature property, workability and wider Newtonian flow region. Furthermore, the degra-
dation degree promoted the formation of free hydroxide groups, aldehydes, carboxylic acids and esters, while the
swelling process increased the average molecular weight of whole liquid phase in CRMB binder. The outputs
from this fundamental study are beneficial to provide the guidance to preparation conditions optimization of
CRMB binders with different viscous property standards.

Chemical characterization

large number of scrap tires produced, which are always processed with
the conventional landfill and incineration methods [12]. Therefore, the
develop of crumb rubber modified bitumen is beneficial to bitumen
performance improvement and environmental protection.

It has been proved that the incorporation of crumb rubber could

1. Introduction

The asphalt pavement exhibits unique characteristics regarding the

sufficient predominant driving comfort, bearing capacity and structural
stability [1,2], and the bitumen as an essential connector significantly
determines the mechanical performance of asphalt mixture [3,4].
However, both terrible environmental and heavy loading conditions
invalidate the bonding functions of bitumen in asphalt roads, and
several diseases of rutting, cracking and raveling would occur [5,6].
Different types of bitumen modifiers have been utilized, such as the
styrene-butadienestyrene (SBS), styrene-butadiene rubber (SBR) and
epoxy resin [7-9]. However, the synthesis of these polymer modifiers
would consume lots of energy and hydrocarbon products from crude oil
[10,11]. Meanwhile, the rapid development of auto industry results in a
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strengthen the low-and-high temperature properties of asphalt binder
and mixture distinctly [10,13]. Currently, three technical routes
regarding the incorporation of crumb rubber into asphalt roads were
introduced, including the dry process, wet process as well as Terminal
Blend (TB) [14]. Definitely, the rubber powders were added into asphalt
mixture directly in the dry process, while the crumb rubber modifier and
bitumen were firstly blended before the preparation of asphalt mixture
in the wet method. Clearly, the interaction degree between crumb
rubber and bitumen in wet method is deeper. Moreover, to improve the
worse workability and storage stability of CRMB binder in wet method,
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Nomenclature FTIR Fourier-transform infrared spectroscopy
GPC Gel permeation chromatography
CR Crumb rubber THF Tetrahydrofuran
CRMB  Crumb rubber modified bitumen n Viscosity
SBS Styrene-butadiene-styrene ts Swelling time
SBR Styrene-butadiene rubber tes Equilibrium swelling time
PET Polyethylene terephthalate SR Swelling ratio
TOR Trans-polyoctenamer Nmax Maximum viscosity
DBP Dibutyl phthalate Nequ Equilibrium degradation viscosity
S Saturates DR Degradation ratio
A Aromatics G* Complex modulus
R Resins G*/sind Rutting factor
At Asphaltenes R% Recovery percentage
DSR Dynamic shear rheometer Jnr Non-recoverable creep compliance
MSCR  Multiple stress creep and recovery A Zero-shear viscosity

the terminal blend (TB) rubber bitumen was developed through
increasing the reaction temperature and prolonging the reaction time
[15-17]. Hence, the CRMB binders with various reaction conditions
would exhibit the different rheological and engineering performance,
and the interaction mechanism between the crumb rubber and bitumen
plays an important role, which should be further fundamentally
understood.

The swelling and degradation procedures are proposed as the inter-
action mechanisms between the crumb rubber modifiers and bitumen
matrix [18,19]. During the blending of CRMB binder, the solid CR
particles absorbed the light oily-components from bitumen phase and its
occupied volume continued to increase till reaching an equilibrium
state. This process is similar to the swelling reaction between the natural
rubber and rubber to enhance the plasticity and compatibility during the
preparation of rubber products [20-23]. The swelling behavior and its
influence on the thermo-rheological properties of CRMB binder have
been investigated. It was reported that the swelling of rubber in bitumen
had a fast-growing process till reaching the equilibrium status, and the
CR modifier was found to absorb only the light components from
bitumen phase [24]. Meanwhile, the results from numerical simulation
with a finite element model reveled the swelling degree of truck-tire
rubber was larger than car-tire rubber. The truck-tire rubber contains
more natural rubber than car-tire rubber, which swells faster than the
synthetic rubber in bitumen. Besides, it was found that the decrease of
rubber particle size led to the faster swelling and earlier equilibrium
state of CRMB binder [25].

On the other hand, the increased temperature and extended blending
time could both disentangle the crosslinked polymer chains in crumb
rubber and the inner molecules were released into the bitumen matrix
[26]. The depolymerization and dissolution reactions are known as the
degradation procedure, which also plays a dominate role in affecting the
chemo-rheological properties of CRMB binders [27-29]. Generally, the
gradual degradation of crumb rubber improved the workability and
storage stability but sacrificed the rutting resistance [30], but the
excessive degradation would deteriorate the high-temperature proper-
ties of CRMB binder [31]. The chemical components and physical size of
crumb rubber powders both exhibit great influence on the partial
dissolution of crumb rubber in bitumen distinctly. Meanwhile, the
increasing interaction temperature and mixing rate would promote the
desulfurization and depolymerization reactions of polymer chains in
rubber, which results in the release of polymeric components of crumb
rubber into the bitumen matrix [32,33]. To monitor the chemical and
physical change of rubber particles in bitumen during the swelling and
degradation processes, the chemical methods of four groups analysis, X-
ray photoelectron spectroscopy (XPS), Infrared spectra (IR) and
different scanning calorimetry (DSC) were utilized to separated crumb
rubber and bitumen phases after the swelling and degradation reactions.

In addition, it was found that the swelling process reduced the ductility
and penetration indications, while the softening point increased
[31,34]. Meanwhile, the viscosity change was validated as a macro-
scopic reflection of the physical and chemical characterizations of
crumb rubber in bitumen [31].

The crumb rubber powder is manufactured by the mechanical
crushing, which causes its uneven particle size. Previous studies showed
that the rubber size is an important factor to the rheological and me-
chanical properties of rubber asphalt binder and mixture [35-37]. It was
found that the increased rubber particle size could improve the elastic
property but deteriorate the fatigue life of rubber binders [35]. At the
same time, the CRMB binder with the coarse crumb rubber powders
exhibited better rutting resistance, while the reduction of rubber size
could enhance the low-temperature fracture property and moisture
damage resistivity dramatically [36]. Furthermore, it was also reported
that the rubber asphalt mixture with larger rubber size exhibited the
better fatigue life and weaker resilient modulus [37]. Hence, the particle
size of crumb rubber distinctly influences the chemical compositions,
physical and rheological properties of CRMB. Essentially, the rubber size
changes the swelling and degradation reaction ways between the
bitumen and rubber particles. Nevertheless, there is a lack of research
studies regarding the effect of rubber size on the continuous swelling
and degradation behaviors of CRMB binders.

The swelling-degradation degree and rubber particle size both
distinctly affect the chemo-rheological properties of crumb rubber
modified bitumen, and there is a close relationship between rubber size
and swelling-degradation degradation behaviors of CRMB binder.
However, the continuous swelling and degradation behaviors of CRMB
binders with different rubber sizes are still unclear, which results in that
there is no basis for optimizing the reaction conditions (temperature and
mixing time) of CRMB binders with different viscous performance re-
quirements. Moreover, the properties difference of CRMB binders with
various swelling-degradation degrees and rubber size has not been
studied yet. It is necessary to fully understand the continuous swelling
and degradation behaviors of CRMB binder, which is significantly
beneficial to provide the theoretical guidance to the researchers and
manufactures for controlling the swelling-degradation degree and pre-
paring the CRMB binders with different rheological characteristics.
Therefore, the objectives of this study are to fundamentally explore the
continuous swelling and degradation behaviors of CRMB binder
considering the influence of rubber size and comprehensively evaluate
the synergistic influence of swelling-degradation degree and rubber size
on the chemo-rheological properties of CRMB binder.

2. Scope of work

Fig. 1 illustrates the main research methodology of this study. The
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The swelling and degradation behaviors of CRMB

CR particle size: 30, 30-40, 50-60, 70-80 and 90-100mesh
Evaluation parameter: 135°C viscosity
CR dosage: 20wt%

‘ Swelling process: 160 °C, 1000rpm ‘

$

‘ Degradation process: 200 °C, 1000 rpm ‘

\ 4

Viscosity-based swelling-degradation models of CRMB
¥
Preparation of different CRMB binders

Full-swelling, Partial-degradation, Full-swelling CRMB
with rubber size of 30, 30-40, 50-60, 70-80 and 90-100mesh

Physical: Penetration, Softening point, Ductility, Viscosity
Rheological: G*, G*/sind, R%, Jnr and ZSV
Chemical: FTIR and GPC

Fig. 1. The research methodology.

viscosity change is monitored to explore the continuous swelling and
degradation behaviors of crumb rubber modified bitumen with different
rubber sizes of 30, 30-40, 50-60, 70-80 and 90-100 mesh. Based on the
previous studies and practical experience, the 160 and 200 °C are
selected as the temperatures of swelling and degradation procedures.
Moreover, the viscosity-based swelling and degradation models of
CRMB binders are proposed, which are beneficial to optimize the
equilibrium swelling and degradation conditions of CRMB binders with
different rubber sizes. Furthermore, the synergistic influence of
swelling-degradation degree and rubber size on the chemo-rheological
properties of CRMB binders are comprehensively characterized.

3. Materials and methods
3.1. Raw materials

The virgin bitumen with the penetration grade of 60-80 derived
from the Marui crude oil was utilized in this study. The physical prop-
erties of fresh and aged binders were listed in Table 1, including the 25
°C penetration, softening point and 15 °C ductility. Meanwhile, the
weight percentages of saturates (S), aromatics (A), resins (R) and
asphaltenes (At) in virgin bitumen were 13.3%, 17.4%, 39.7% and
29.6%, respectively. Moreover, the 30-mesh crumb rubber (CR) pow-
ders were manufactured with the ambient grinding process of scrap
truck tire. The density of rubber powder was 1.2 g/cm® and the weight
percentage of moisture, ash, rubber hydrocarbon and carbon element
were 0.30, 5.40, 55.8 and 30.2. Table 2 demonstrated the particle size
distribution of the crumb rubber, and more than 50 wt% crumb rubber
powders showed the particle size higher than 270 pm. The crumb rubber

Table 1
The physical properties of virgin and aged bitumen.

Physical Penetration@25 °C Softening point  Ductility@15 °C
properties (0.1 mm) °C) (cm)
Virgin bitumen 67 48.4 135.2
RTFOT-aged 41 53.4 36.2

bitumen*
PAV-aged 21 63.3 6.2

bitumen"”

ASTM D36
[39]

Test standard ASTM D5 [38] ASTM D113 [40]

* RTFOT: Rolling Thin Film Oven Test [41];  PAV: Pressure Aging Vessel
[42].
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powders with different particle sizes of 30-40, 50-60, 70-80 and
90-100 mesh were separated and collected to further preparation of the
CRMB binders with different rubber sizes.

3.2. Continuous swelling and degradation procedures of CRMB binders

In this study, the continuous swelling and degradation processes of
CRMB binders with different rubber particle sizes of 30, 30-40, 50-60,
70-80 and 90-100 mesh were conducted. Firstly, the 20 wt% crumb
rubber powders were incorporated into the heated virgin bitumen, and
the system temperature rise quickly. Once the temperature reached 160
°C, the CR/bitumen blend was stirred with a constant speed of 1000
rpm, and then the blending time started to be recorded. During the
swelling process of CRMB binder, about 15-20 g specimen was taken out
per hour to measure the 135 °C rotational viscosity value. When the
viscosity value of CRMB binder during swelling procedure showed no
change with the increase of swelling time, the equilibrium-swelling
specimen with the stable viscosity parameter was obtained and called
“full-swelling” CRMB binder.

Afterwards, the reaction temperature was increased from 160 to 200
°C to do the degradation procedure. When the temperature reached 200
°C, the degradation time of CRMB binder started to be noted. During the
continuous degradation process, the rotational viscosity value of CRMB
during the degradation process was measured per 2.5 h uninterruptedly.
When the viscosity value of degraded CRMB binder kept constant, the
equilibrium degradation state was approached and the corresponding
binder was marked “full-degradation”.

3.3. Preparation conditions of different CRMB binders

After the investigation of continuous swelling and degradation be-
haviors of CRMB binder, the related full-swelling, partial-degradation
and full-degradation time could be determined. In detail, the full-
swelling CRMB binders with the CR particle sizes of 30, 30-40, 50-60,
70-80 and 90-100 mesh were prepared at 160 °C with the swelling time
of 8.0, 8.0, 7.0, 6.0 and 3.5 h, respectively. Meanwhile, the degradation
durations were determined as 35, 35, 25, 22.5 and 20.0 h for the CRMB
specimens. Further, the partial degradation times were determined
when the rotational viscosity of degraded CRMB binders were the
average values of maximum and equilibrium degradation levels. Finally,
the partial-degradation times of CRMB binders were 18, 20, 13, 9.5 and
7.5 h.

3.4. Performance characterization methods

3.4.1. Rotational viscosity

During the continuous swelling and degradation procedures, the 135
°C viscosity values of CRMB binders were tracked with a rotational
viscometer [43]. The spinning rate of drill was 20 rpm. Besides, the 135
°C viscosity of full-swelling, partial-degradation and full-degradation
CRMB binders with different CR particle sizes were also measured.

3.4.2. Physical properties

The physical properties, including the 25 °C penetration [38], soft-
ening point [39] and 5 °C ductility [40], of unaged CRMB binders with
different swelling-degradation degrees and rubber sizes were examined.

3.4.3. Rheological properties

The dynamic shear rheometer (DSR, TA-HR1) was employed to
assess the rheological properties of CRMB binders with the 25 mm
parallel diameter and 1 mm gap width [44]. Firstly, the 60 °C frequency
sweep tests with the frequency region of 0.01-100 rad/s were performed
to estimate the complex modulus G* of different unaged-CRMB binders.
Besides, the temperature sweep tests with the temperature increasing
from 48 to 84 °C were conducted to evaluate the rutting resistance of
unaged-CRMB binders. Additionally, the 60 °C multiple stress creep and
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Table 2

The particle size distribution of 30-mesh crumb rubber powders.
Mesh 30-40 40-50 50-60 60-70 70-80 80-90 90-100 >100
Size (pm) 380-550 270-380 250-270 212-250 180-212 160-180 150-160 <150
Percentage 34.35% 22.52% 7.34% 14.24% 2.79% 6.54% 5.27% 6.97%

recovery (MSCR) tests were carried out to measure the recovery per-
centage R% and non-recoverable creep compliance Jnr of RTFO-aged
CRMB binders with two loading stress levels of 0.1 and 3.2 kPa [45].
The 60 °C steady-state shear tests were used to investigate the influence
of swelling-degradation degree and CR particle size on the flow curve of
unaged-CRMB binder. The shear rate increased from 0.001 to 100 s~*
[46].

3.4.4. Chemical characteristics

Fourier-transform infrared (FTIR) spectroscopy [47] and Gel
permeation chromatography (GPC) [48] were applied to examine the
functional group distribution and average molecular weight of CRMB
binders. The wavenumbers in FTIR test were in the region of 400-4000
cm 1. Moreover, the selected solvent and flow rate in GPC test were
tetrahydrofuran (THF) and 1 ml/min, respectively. In this study,
bitumen binders were measured at least three times for each charac-
terization test to ensure the reliability of experimental results.

4. Results and discussion

4.1. Continuous swelling behaviors of CRMB binders with different rubber
sizes

It was reported that the crumb rubber size strongly determined the
physio-chemical and rheological properties of crumb rubber modified
bitumen [34-37]. In this study, the continuous swelling and degradation
behaviors of CRMB binders are explored for the first time. Fig. 2 shows
the viscosity change of CRMB binders with different CR sizes during the
swelling process at 160 °C. With the swelling time prolongs, the viscosity
values of all CRMB binders increase gradually till reaching the
maximum point, and then the equilibrium swelling state is attained. The
swelling behavior of CRMB binder is significantly related to the
enhanced rubber volume and interparticle friction during the swelling
procedure. Besides, due to the high-proportion of 30-40 mesh CR par-
ticles in the whole mixed rubber powders (30 mesh), the viscosity-
swelling time curves of CRMB binders with 30-40 mesh and 30 mesh
rubber size are similar. It is worth noting that the swelling behaviors of
all CRMB binders can be observed, implying that the swelling reaction is
the main reaction mechanism of CRMB binder at low temperatures.

20
[ = 30mesh o - N, 11.42-5.83%exp(-0.193%t), Ri=0.983
18 ®  30-40mesh 1,,.,,=10.19-5.26%exp(-0.361%t ), R'=0.946
4 jﬂ'zg“‘“'}: 1, =14.12-6.87*exp(-0.263%t), R*=0.971
L v -80mes >0 y
. o0 103:;;9 1, =17.17-8.87%exp(-0.246 ), R'=0.973
16 |-*  90-100mes ; g

Ty 10 =32-99-23.26%exp(-0.147%t ), R™=0.964

n (Pa-s)

s s s s 1 1 1 s s s s
0 1 2 3 4 5 6 7 8 9 10
Swelling time t_(h)

Fig. 2. The viscosity changes of CRMB binder during swelling process.

The continuous swelling behaviors of CRMB binders with various CR
sizes are distinctly different. With the CR particle size reduces, the 135
°C viscosity of CRMB remarkably increases regardless of the swelling
degree. The smaller the CR particle is, the larger the specific surface area
is, which strongly enhances the interparticle connection and internal
friction resistance. That's why the CRMB binder with smaller CR size
shows the higher viscosity. Additionally, it can be found that the
swelling rate of CRMB binder with smaller rubber size is faster. The
exponential equations are applied to quantitatively assess the swelling
behaviors of CRMB binders with different rubber sizes, which are also
displayed in Fig. 2. With the CR particle size declines, the absolute b
value in the fitting function of “y-t;” curve decreases. It implies that the
viscosity of CRMB with lower rubber size is more sensitive to the
swelling time. It is associated with that it is easier for crumb rubber with
smaller particle size to reach the swelling equilibrium state because of its
limited volume expansion capacity.

To further explore the influence of CR particle size on the “5-t;” curve
of CRMB during the swelling procedure, two parameters of the equi-
librium time t,; and swelling ratio SR are introduced. Definitely, the
equilibrium time is the time point when the viscosity of CRMB binder is
independent on the swelling time. Meanwhile, the swelling ratio SR is
calculated by dividing the viscosity of full-swelling CRMB binder at
swelling time t by which of initial specimen with the general initial
swelling time (1 h).

Fig. 3 presents the equilibrium swelling time and swelling ratio pa-
rameters of CRMB binders with various rubber sizes. It is illustrated that
the crumb rubber size significantly influences the swelling parameters of
CRMB binders. The equilibrium swelling time and swelling ratio of
30-40 mesh CRMB binder are both similar to that of 30 mesh sample.
The reason is that the mass proportion of 30-40 mesh crumb rubber is
the largest in 30-mesh CR powders, which is listed in Table 2. With the
reduction of rubber size, the equilibrium swelling time t.s remarkably
declines. In detail, when the CR mesh is 50-60, 70-80 and 90-100, the
corresponding t,s is 7.0, 6.0 and 3.5 h, respectively. Hence, it is earlier
for CRMB binder with small CR particle size to reach the equilibrium
swelling state at a fixed temperature. From Fig. 3, it can be seen that the
swelling ratio of CRMB binder reduces as the rubber size decreasing,
except for the 90-100 mesh CRMB binder. The crumb rubber powders
with smaller particle size would have limited volume to encase the
absorbed oily fractions from bitumen matrix. Therefore, it is faster for
CRMB with small CR size to attain the equilibrium swelling point, and
the final volume of small rubber particle in full-swelling binder is
limited, which shortens the equilibrium swelling time and decreases the
swelling ratio. Regarding the 90-100 mesh CRMB binder, although the
swelling volume of crumb rubber is restricted, the number of CR parti-
cles in binder is the largest and the corresponding interparticle distance
decreases, which would strengthen the internal friction and viscosity.
Herein, the viscosity of full-swelling CRMB binder is associated with the
rubber volume, particle number and interparticle force.

Fig. 4 illustrates the 135 °C viscosity values of different CRMB
binders at the stages of the initial-swelling (when the swelling time is 1
h) and full-swelling (when the viscosity keeps constant). As mentioned
before, the viscosity of CRMB binder at the equilibrium point is larger
than that of initial sample regardless of the rubber size. Moreover, it can
be found that the rubber size strongly affects the initial viscosity 7 and
equilibrium swelling viscosity 7. With the decrease of rubber size, the
initial viscosity 7y and equilibrium swelling viscosity #,s of all CRMB
binders both increase distinctly, which is related to the higher specific
surface area and interparticle friction of rubber particles with lower size.
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Fig. 3. The equilibrium swelling time and swelling ratio of CRMB binders.
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Fig. 4. The initial and equilibrium-swelling viscosity of CRMB binders.

For instance, compared with the 30 and 30-40 mesh CRMB binders, the
no and 7,s values of 90-100 mesh CRMB binder are approximately 2
times higher. Thus, although the reduction of rubber size could shorten
the equilibrium time, the increased viscosity of CRMB binder with low
rubber size would require the higher temperature for asphalt pavement
construction.

4.2. Continuous degradation behaviors of CRMB binders with different
rubber sizes

The effect of rubber size on the continuous degradation behavior of
CRMB binder is also estimated in this study. The viscosity variety of
CRMB binders with different CR sizes as a function of the degradation
time is shown in Fig. 5a. A viscosity increasing period is observed when
the system temperature increases from 160 to 200 °C, which is associ-
ated with the continuous swelling of rubber particles in bitumen due to
the thermal expansion and greater molecular motion at high tempera-
tures. Interestingly, for 90-100 mesh CRMB binder, there is no viscosity-
increasing stage observed during its degradation procedure. Due to the
limitation of free volume in 90-100 mesh rubber particles, the contin-
uous swelling duration is very short, and it is difficult to detect.

2F (a) —=a— 30mesh
—e— 30-40mesh
28 —4— 50-60mesh
—v— 70-80mesh
24 —— 90-100mesh
0
<
[
N’
=

10 15 20 25 30 35 40 45
Degradation time t (h)

10' F (b)  30m: Lgn=-0.010¢+4.38, R'=0.988
30-40m: Lgn=-0.014t +4.51, R'=0.982
50-60m: Lgy=-0.022t +4.55, R'=0.995
70-80m: Lgn=-0.023t +4.52, R'=0.992

_20'f o 90-100m: Lgn=-0.016t+4.38, R'=0.994
1]
«
-9
£
N’
[
10'F
1 1 1 1 1 1 1
0 5 10 15 20 25 30 35

Degradation time t_ (h)

Fig. 5. Influence of degradation time on the viscosity of CRMB binders.

Moreover, the increasing rate of viscosity values for CRMB binders with
various CR particle sizes are significantly different, which increases with
the reduction of rubber size. The smaller the rubber size is, the larger the
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viscosity increasing rate of CRMB binder in the continuous swelling
stage.

When reaching the maximum value, the viscosity of CRMB binder
starts to decline gradually, and it is the degradation process. It depicts
that the viscosity values of different CRMB binders are very similar
(about 10.5 Pa‘s), regardless of the crumb rubber size. Hence, it can be
deduced that the viscosity of full-degradation CRMB binder is not
dependent on the rubber size. Due to the long degradation duration, all
CRMB binders with different rubber sizes have been completely
degraded. Importantly, the rubber size has notable influence on the
degradation rate and equilibrium degradation time of CRMB binder. To
clearly compare the degradation rate of CRMB binders with different
rubber sizes, the “Lgy-ty” correlation curves are depicted in Fig. 5b. The
logarithmic value of viscosity shows a great linear relationship with the
degradation time based on the R? value higher than 0.98. Therefore, the
semi-logarithm correlation curve between the viscosity and degradation
time of CRMB binder is remarkably dependent on the crumb rubber size.
It is demonstrated that the absolute slope values in correlation equations
of CRMB binders increase with the reduction of rubber size, except for
the 90-100 mesh CRMB, which is in the middle between 30 and 40 and
50-60 mesh CRMB binders. Thus, the degradation rate of CRMB binder
with smaller rubber size is faster. Meanwhile, the reduction of rubber
size would shorten the equilibrium degradation time when the tem-
perature keeps constant. Overall, the rubber size exhibits a significant
influence on the degradation rate but not on the viscosity property of
full-degradation CRMB binder.

Fig. 6 denotes the degradation parameters of CRMB binders with
different rubber sizes, including the maximum swelling time, equilib-
rium degradation time, maximum viscosity #,,,,, equilibrium degrada-
tion viscosity 1,4,and degradation ratio DR. The maximum swelling time
and equilibrium degradation time are defined as the time when the
viscosity value reaches the maximum and equilibrium point, respec-
tively. Herein, the degradation ratio DR is calculated as following
equation:

Mmax — Nequ

DegradationratioDR = x 100% (€8]

In line with the “viscosity-degradation time” curves, the maximum
swelling time of CRMB binders with 30, 30-40, 50-60 and 70-80 mesh
rubber size is 7.5, 10.0, 5.0 and 2.5 h, respectively. The continuous
viscosity-increasing stage of 90-100 mesh CRMB is too fast to be
observed because of the smallest rubber particle size. At the same time,
the corresponding maximum viscosity value is 20.58, 23.05, 27.25,
29.75 and 21.50 Pas. It should be mentioned that the maximum vis-
cosity of 90-100 mesh CRMB is the instant value when the temperature
increases to 200 °C because no continuous viscosity-increasing stage is
found. Overall, the decrease of rubber size would accelerate the
continuous swelling rate and increase the maximum viscosity of CRMB
binder during the degradation procedure.

In addition, the equilibrium degradation time of 30, 30-40, 50-60,
70-80 and 90-100 mesh CRMB samples is 35, 35, 25, 22.5 and 20 h,
respectively. The low CR particle size is beneficial to promote the
swelling and degradation rate of CRMB binder. From Fig. 6¢, the
degradation ratio of CRMB binders with the crumb rubber size of 30,
30-40, 50-60, 70-80 and 90-100 mesh are 46.1%, 53.2%, 61.6%,
64.3% and 51.3%, respectively. It is worth noting that the degradation
ratio of 90-100 mesh CRMB binder is not exact because its maximum
viscosity is difficult to be determined. It can be summarized that the
CRMB specimen with fine CR particles would show higher degradation
ratio at 200 °C. The smaller the CR size is, the larger the exposed surface
area of CR particle is, which enlarges the contact area and solubility of
CR modifier in bitumen matrix at high temperatures.
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4.3. Viscosity-based swelling and degradation models of CRMB binders

The exponential formula and semi-logarithm equation can effec-
tively describe the swelling and degradation behaviors of all CRMB
binders with different rubber sizes. Thus, the swelling and degradation
models are proposed here to quantitively estimate the influence of
swelling-degradation degree and rubber size on the dynamic viscosity of
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CRMB binder. The swelling and degradation models are listed as follows:

Swellingmodel : 7 = A+ B x £Cx8) 2
Degradationmodel : Lny = a X t;+b 3)

where the 7 is rotational viscosity, Pa's; t; and t4 refers to the swelling
time and degradation time, respectively, h; and A, B, C, a and b are all
constants.

Table 3 lists the parameters in the swelling and degradation models
of CRMB binders with different CR particle sizes. In the continuous
swelling models, with the decrease of rubber size, the absolute values of
A and B both increase, but the absolute C value decreases gradually. It
implies that the CRMB binder with smaller CR particle size would show
high viscosity and more sensitive to the swelling time. Moreover, in the
continuous degradation model, the reduction of rubber particle size
would increase the absolute value of parameters a and b, when the
rubber size is higher than 90-100 mesh. It can be concluded that the
decrease of rubber size would shorten both swelling and degradation
time, but significantly increase the viscosity of CRMB binder. The pro-
posed exponential swelling and degradation models would be beneficial
to optimize the preparation conditions of CRMB binders with specific
viscosity standard.

4.4. Effects of swelling-degradation degree and rubber size on physical
properties

The physical properties of CRMB binders are characterized to
investigate the synergistic effects of swelling-degradation degree and
rubber size. According to the results of continuous swelling and degra-
dation behaviors, the preparation conditions for the full-swelling and
full-degradation CRMB binders with different rubber sizes could be
determined. Moreover, the partial-degradation sample is manufactured
when the viscosity is equal to average value between the maximum
viscosity #max and equilibrium degradation viscosity #7eq. Table 4 sum-
marizes the swelling and degradation time of the full-swelling, partial-
degradation and full-degradation CRMB binders with the rubber sizes of
30, 30-40, 50-60, 70-80 and 90-100 mesh. It can be found that the
reduction of rubber particle size distinctly shortens the full-swelling,
partial-degradation and full-degradation time of CRMB binders.

Fig. 7 shows the physical properties of CRMB binders with different
swelling-degradation degrees and rubber sizes, including the 25 °C
penetratio softening point, 5 °C ductility and 135 °C viscosity. With the
crumb rubber content of 20 wt%, the maximum penetration, softening
point, ductility and viscosity values of CRMB binders are 4.6 mm, 84.8
°C, 16.0 cm and 25.3 Pas, respectively. Correspondingly, the minimum
values are 2.8 mm, 68.5 °C, 6.6 cm and 10.2 Pa's. Thus, the CRMB binder
with 20 wt% CR dosage presents the sufficient high-temperature prop-
erty, but shows the limitations in terms of low-temperature ductility and
workability.

It is obvious that the physical properties of CRMB binders signifi-
cantly depend on the swelling-degradation degree and rubber particle
size. The full-swelling CRMB binders exhibit the lower penetration and
ductility values than that of partial- and full-degradation samples,
regardless of the rubber particle size. It denotes that the degradation
stage would decrease the consistency and improve the low-temperature
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Table 4

The preparation conditions for different types of CRMB binders.
CR size (mesh) 30 30-40 50-60 70-80 90-100
Full-swelling time (h) 8.0 8.0 7.0 6.0 3.5
Partial-degradation time (h) 18.0 20.0 13.0 9.5 7.5
Full-degradation time (h) 35.0 35.0 25.0 22.5 20.0

flexibility of CRMB binder. For instance, compared to the full-swelling
CRMB binder with the rubber sizes of 30, 30-40, 50-60, 70-80 and
90-100 mesh, the penetration values of corresponding full-degradation
sample increase by 0.9, 0.9, 1.2, 1.7 and 1.1 mm, respectively. Similarly,
the 5 °C ductility of full-degradation CRMB binders are 48.8%, 83.3%,
66.7%, 62.7% and 77.8% higher than that of full-swelling binders.

With the reduction of rubber particle size, the penetration and
ductility values of CRMB binder both increase apart from the penetra-
tion of full-swelling binder. When the rubber mesh increases from 30 to
40 to 90-100, the penetration value increases by 0.3, 0.6 and 0.4 mm,
while the 5 °C ductility increases by 2.4, 2.0 and 3.9 cm for the full-
swelling, partial-degradation and full-degradation CRMB binder,
respectively. Therefore, the CRMB binder with small rubber size and
high degradation degree would present the better low-temperature
cracking resistance.

In addition, the swelling-degradation degree and rubber size both
exhibit distinct influence on the softening point and viscosity of CRMB
binder. Compared to the full-swelling and partial-degradation samples,
the softening point and viscosity of full-degradation CRMB are lower,
which demonstrates that the degradation procedure would deteriorate
the high temperature property but improve the workability of CRMB
binder. Interestingly, for 30, 30-40 and 50-60 mesh CRMB samples, the
softening point and viscosity of partial-degradation sample are even
higher than the full-swelling specimen. The reason may be related to
that the high degradation temperature further accelerates the swelling
of rubber particles in bitumen matrix. Moreover, the influence law of
rubber size on the softening point and viscosity is not apparent. In
summary, the high swelling degree of CRMB binder is beneficial to its
high-temperature deformation resistance. However, when considering
the low-temperature flexibility and workability, the CRMB binder with
high degradation degree and small rubber size is recommended.

4.5. Effects of swelling-degradation degree and rubber size on rheological
properties

4.5.1. Complex modulus

The frequency sweep test was conducted to assess the complex
modulus of CRMB binders with different swelling-degradation degrees
and rubber sizes. The results are illustrated in Fig. 8. As expected, the
complex modulus of CRMB binder shows a linear increasing trend as the
loading frequency increasing with the correlation coefficient R? value
larger than 0.997. Besides, the frequency-dependence is examined
through comparing the slope values in correlation equations. The slope
values of all full-degradation CRMB binders are higher than that of full-
swelling samples, which manifests that the frequency dependence of
complex modulus tends to increase with the deepening of degradation
degree. It is noteworthy that the frequency-dependence of complex
modulus for the 30, 30-40 and 50-60 mesh partial-degradation CRMB

Table 3
The swelling and degradation models of CRMB binders.
Parameters Mesh 30 30-40 50-60 70-80 90-100
Swelling model A 11.42 10.49 14.12 17.17 32.99
n =A + B*exp(C*ty) B —5.83 —5.26 —6.87 —8.87 -23.26
C —0.193 —0.361 —0.263 —0.246 —0.147
Degradation model a —0.0101 —0.0141 —0.0215 —0.0231 —0.0156
Lnn = a*tg + b b 4.384 4.507 4.525 4.554 4.384
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Fig. 7. The physical properties of CRMB binders.

binders are larger than that of corresponding full-swelling samples,
which is consistent to the physical properties mentioned before. Thence,
the swelling degrees of the 30, 30-40 and 50-60 mesh partial-
degradation CRMB binders are higher than the full-swelling samples.
Moreover, the rubber size shows no obvious influence on the complex
modulus frequency dependence of full-swelling and partial-degradation
CRMB binders. Regarding the full-degradation samples, with the
reduction of rubber size, the frequency-dependence characteristic of
complex modulus becomes more obvious.

Additionally, the complex modulus of full-degradation CRMB binder
is much lower than that of full-swelling and partial-degradation samples
in spite of the rubber size and loading frequency. It reveals that the
degradation procedure adversely influences the complex modulus and
deformation resistance of CRMB binder. Meanwhile, the complex
modulus values of full-swelling and partial-degradation samples with
30, 30-40 and 50-60 mesh rubber size are similar. However, their re-
action mechanisms are completely different. For the full-swelling sam-
ple, the swelling degree is the largest at 160 °C, but the partial-
degradation CRMB binder is subjected to the continuous swelling fol-
lowed by the partial degradation duration at 200 °C. For the 70-80 and
90-100 mesh CRMB binders, the complex modulus of full-swelling
binder is much higher than that of partial- and full-degradation sam-
ples, which depicts that the full-swelling CRMB binder shows larger
stiffness and permanent deformation resistance. At the same time, the
gap between the G* values of partial- and full-degradation CRMB
binders becomes smaller.

With the reduction of rubber size, the G* values of full-swelling and
partial-degradation CRMB binders increase first and then decrease,

while that of full-degradation CRMB samples decrease consistently. The
G* values of full-swelling, partial-degradation and full-degradation
CRMB binders reach the maximum point when the rubber size is
70-80, 50-60 and 30-40 mesh, respectively. It is notable that the 135 °C
viscosity and 60 °C complex modulus of all full-degradation CRMB
binders are similar, which approaches to 10.5 Pa's and 2 kPa at 0.1 rad/
s. Therefore, the influence of rubber size is not considerable when the
CRMB binder approaches to the equilibrium degradation state.

4.5.2. Rutting factor and failure temperature

To estimate the couple influence of swelling-degradation degree and
rubber size on the temperature-sensitivity and rutting resistance of
CRMB binder, the temperature sweep tests were performed and the
correlations between the rutting factor G*/siné and temperature are
illustrated in Fig. 9. It is demonstrated that the G*/siné values of CRMB
samples decrease linearly as the temperature rising, which is associated
with the reduction of molecular interaction under high temperatures.
That's why the rutting disease of asphalt pavement would occur easily at
high temperature. The linear correlation formulas regarding the G*/sins
of CRMB binders with temperature are also displayed in Fig. 9. The
temperature sensitivity of 30 mesh CRMB binders with different
swelling-degradation degrees are similar. For the 30-40, 50-60 and
70-80 mesh CRMB binders, the G*/siné parameter is more dependent on
the temperature with the degradation degree deepening. However, the
temperature susceptibility of G*/siné for full-degradation 90-100 mesh
sample is less obvious than the full-swelling and partial-degradation
binders. Further, the rubber size has no visible influence on the tem-
perature sensitivity of CRMB binder.
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Fig. 8. The complex modulus of CRMB binders.

The G*/siné values of the full-swelling, partial- and full-degradation
CRMB binders are remarkably different. When the temperature is the
same, the order of G*/sins is as following: full-swelling > partial-
degradation > full-degradation CRMB binder. The full-swelling CRMB
binder exhibits the best rutting resistance, which weakens during the
degradation procedure. With the increase of degradation degree, the
polymer network in crumb rubber is disrupted gradually, accompanied
by the reduced dimension and released light-weight components. The
collapse of rubber structure deteriorates its filling-function and
interparticle-force. Meanwhile, the released components would soft the

bitumen matrix. Both of them contribute to the exacerbation of rutting
resistance for full-degradation CRMB binder. When the rubber size de-
creases from 30 to 40 to 50-60, 70-80 and 90-100 mesh, the G*/sind
values of full-swelling CRMB binders increase by 9.7%, 30.35% and
decrease by 16.89%, respectively. Besides, the G*/siné values of partial-
degradation samples decrease by 0.27%, 40.56% and 49.97%, while the
G*/siné values of full-degradation binders decrease by 17.87%, 28.17%
and 52.43%. It can be summarized that the decrease of rubber size
would obviously weaken the rutting resistance of partial- and full-
degradation CRMB binders.
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Fig. 9. The relationship between temperature and rutting factors of CRMB binders.

The rutting failure temperatures of CRMB binders are plotted in
Fig. 10, which is defined as a certain temperature when the rutting factor
G*/siné value is equal to 1.0 kPa. It can be seen that all CRMB binders
have the superior failure temperature higher than 91.1 °C, which implies
that the CRMB binders with 20 wt% CR dosage exhibit the adequate
rutting resistance, regardless of the swelling-degradation degree and
rubber size. The rutting failure temperatures of CRMB binders with
various swelling-degradation status and rubber particle sizes show a

10

great difference. When the rubber size is the same, the full-swelling
CRMB binder presents the maximum failure temperature, followed by
the partial-degradation binder, while the full-degradation sample shows
the minimum value. For the CRMB binders with 30-40 and 70-80 mesh,
the failure temperature of partial-degradation sample is 6.9 °C and 10.3
°C lower than that of full-swelling one, while the failure temperature of
full-degradation sample decreases by 15.1 °C and 19.7 °C, respectively.
Meanwhile, as the rubber size decreasing, the rutting failure
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Fig. 10. The rutting failure temperatures of CRMB binders.

temperatures of full-swelling and partial-degradation CRMB binders
increase first and then decrease, and the CRMB binders with the rubber
size of 50-60 mesh show the maximum value. Moreover, the full-
degradation CRMB binder with smaller rubber particle size has the
lower rutting failure temperature. However, the influence of rubber size
on the rutting resistance of full-degradation CRMB binders is slight, and
their rutting failure temperatures are similar, which is consistent to the
aforementioned viscosity results.

4.5.3. Elastic recovery and creep compliance

In this study, the multiple stress creep and recovery (MSCR) tests
were carried out for measuring the vital parameters of CRMB binders,
including the elastic recovery R% and non-recoverable creep compli-
ance Jnr. Generally, the bitumen binder with the higher R% and lower
Jnr value would exhibit better elastic deformation resistance. The R%
and Jnr parameters of different CRMB binders at two stress levels of 0.1
and 3.2 kPa are displayed in Fig. 11. As expected, the increase of loading
stress would decrease the R% and Jnr values of all CRMB binders, which
is related to the larger degree of deformation under the high loading
stress. For instance, when the loading stress increases from 0.1 to 3.2
kPa, the R% value of 30 mesh full-swelling, partial-degradation and full-
degradation CRMB binder decreases by 6.2, 7.6 and 13.5%, respectively.
Meanwhile, the corresponding Jnr value increases by 64.7, 67.2 and
45.1 times.

It can be found that the swelling-degradation degree and rubber size
both influence the creep and recovery behaviors of CRMB binders
dramatically. The recovery percentage values of CRMB binders with 20
wt% CR dosage differ from 75.0% to 89.1% at 0.1 kPa and from 63.8% to
67.2% at 3.2 kPa. And the creep compliance values are in the region of
0.39-2.46 Pa and 13.6-105.8 Pa. Besides, when the rubber size is the
same, the R% value of full-swelling CRMB is the largest, which decreases
gradually during the degradation procedure. Correspondingly, the Jnr
value of full-swelling CRMB is smaller than that of partial- and full-
degradation samples. Compared to the full-swelling sample with rub-
ber size of 50-60 mesh, the Ry ; and Rs» values of full-degradation
CRMB binder decline by 8.9% and 12.9%, while the corresponding
Jnry ; and Jnrsz values increase by 3.30 and 4.46 times, respectively.
However, it is worth mentioning that the influence of swelling-
degradation degree on R% and Jnr is not obvious than that of loading
stress.

It is demonstrated that both R% and Jnr of CRMB binders with
different rubber sizes have a significant difference, which depends on
the loading stress level. The full-swelling CRMB binders with the rubber
size of 30-40, 50-60 and 70-80 mesh show the similar R% value, while
the R% of 90-100 mesh full-swelling sample is the lowest. Meanwhile,
the influence of rubber size on the R% of full-degradation CRMB binder
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is limited. Interestingly, the R% values of partial-degradation CRMB smallest R% values. Herein, the reduction of rubber size would deteri-
binders with the rubber size of 50-60 and 70-80 mesh are higher than orate the elastic property of CRMB binders.

that of 30-40 and 90-100 mesh specimens, which is consistent to the From Fig. 11, the influence of swelling-degradation degree and
aforementioned results of viscosity and rutting factor. Despite the rubber size on the creep compliance of CRMB binders is observed. On

swelling-degradation degree, the CRMB binders with 90-100 have the the whole, the full-swelling CRMB binder has the lowest Jnr value, while
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the full-degradation sample presents the highest Jnr value. It implies
that the degradation process would increase the viscous proportion in
CRMB binder and increase the risk of permanent deformation. The in-
fluence of rubber size is more obvious when the stress level is 3.2 kPa.
The decrease of rubber size leads to the improvement of Jnr value. When
the rubber size is smaller, it is easier for rubber particles to degrade in
bitumen matrix, which results in more viscous component released. The
full-degradation CRMB binder with the rubber size of 90-100 mesh
shows the maximum R% and minimum Jnr value. Moreover, the full-
swelling CRMB binder with the rubber size of 30-40 or 50-60 mesh
have the highest R% and lowest Jnr value. From the viewpoint of
deformation resistance, the CRMB binder with large rubber size and
high swelling-degradation ratio is the best.

4.5.4. Flow curve and zero-shear viscosity

Generally, the bitumen binder is a representative non-Newtonian
and pseudoplastic fluid, and its viscosity obviously depends on the
shear rate. In this study, the steady-state flow tests were performed to
assess the flow behaviors of CRMB binders with various swelling-
degradation degrees and rubber sizes, which are shown in Fig. 12. As
expected, the complex viscosity values of CRMB binders decrease
significantly as the shear rate increasing. However, when the shear rate
is lower than 0.01 s1, there is a stable platform where the viscosity of
CRMB binder has no change with shear rate. It indicates that the CRMB
binder exhibits the characteristics of Newtonian fluid. The swelling-
degradation state remarkably influences the complex viscosity values
and flow curves of CRMB binders. In most cases, the full-degradation
CRMB binder exhibits the lower complex viscosity than that of full-
swelling and partial-degradation specimens, which agrees well with
the rotational viscosity results. Hence, the prolonged degradation degree
is beneficial to reduce the complex viscosity and enhance the work-
ability of CRMB binder. In addition, with the increase of shear rate, the
effect of swelling-degradation degree on the viscosity of CRMB binder
becomes inconspicuous. Interestingly, the increased degradation degree
enlarges the Newtonian flow region. The rubber size in full-degradation
CRMB binder is smaller than that in full-swelling and partial-
degradation samples, which contributes to the improved viscous flow
characteristic of CRMB binder.

The Carreau model is utilized to fit the correlation curve regarding
the complex viscosity with shear rate for CRMB binder, which is as
follows:

2
1+ (1) }
7.
where 7 is the complex viscosity of CRMB binder, Pa’s; y refers to the
shear rate, s! ; o represents the zero-shear viscosity (ZSV), Pa's; y. and s
are constants. Besides, the zero-shear viscosity is defined as the complex
viscosity when the external shear rate approaches to zero. Moreover, the
parameter s refers to the falling slope of the viscosity and the y, is the

shear rate value when the shear-thinning behavior of CRMB binder
appears. The non-Newtonian behavior of bitumen sample with higher s

s

o _

(€3]

Table 5
The flow curve parameters of different CRMB binders.
Mesh Parameters 30 30-40 50-60 70-80 90-100
Full-swelling Ye (s’l) 0.004 0.004 0.003 0.005 0.005
CRMB binders s 0.162 0.216 0.214 0.191 0.156
R? 0.990 0.987 0.990 0.987 0.984
Partial- 7e5™H 0.008 0.009 0.012 0.015 0.013
degradation s 0.157 0.181 0.173 0.180 0.153
CRMB binders R? 0.990 0.996 0.981 0.976 0.987
Full-degradation 7eG™H 0.017 0.025 0.022 0.029 0.028
CRMB binders s 0.152 0.160 0.147 0.149 0.147
R? 0.980 0.980 0.988 0.977 0.990
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and lower y, value is more distinct.

Table 5 lists the Carreau model parameters of flow curves for CRMB
binders with different swelling-degradation degrees and rubber sizes.
The Carreau model can fit the flow curve of CRMB binder well with the
R? values larger than 0.97. The swelling-degradation degree affects the
Carreau model parameters s and y. of CRMB binders dramatically. When
the rubber size is the same, the full-swelling CRMB binder has the lowest
vc and highest s value, while the full-degradation sample shows the
maximum y, and minimum s values. Moreover, the values of s and y,
parameters for partial-swelling ones are in the middle. For instance,
compared to the 30-40 mesh full-swelling CRMB binder, the s value of
corresponding partial- and full-degradation sample decreases from
0.214 to 0.181 and 0.160, while the y, parameter increases from 0.004 to
0.009 and 0.025s %, respectively. It implies that the full-swelling CRMB
binder exhibits the wider non-Newtonian region than the partial and
full-degradation specimens, while the shear rate susceptibility of the
latter is less obvious than the former. Therefore, the degradation process
would enhance the Newtonian flow region because of the decreased
polymer network density and increased light-components in the
bitumen matrix.

Additionally, the flow parameters of CRMB binders are strongly
associated with the rubber size. With the decrease of rubber size, the s
value decreases gradually. The 30-40 mesh CRMB binder exhibits the
highest s value, regardless of the swelling-degradation degree. Mean-
while, the s value of 90-100 mesh CRMB is the lowest. Hence, the flow
curve of CRMB binder with the larger rubber size would be more sus-
ceptible to shear rate and shows more distinct shear-thinning behavior.
Besides, the y, parameter of CRMB binder rises with the reduction of
rubber size. Moreover, the 70-80 and 90-100 mesh CRMB binders have
the similar y. value. The Newtonian flow range of CRMB binder with the
smaller rubber size is wider. Furthermore, the influence of rubber size on
the flow parameters of full-degradation CRMB binder is less obvious
than that of full-swelling and partial-degradation samples. The rubber
particles in full-degradation samples are maximally dissolved in
bitumen matrix, and the effects of rubber size on the rheological prop-
erties of CRMB binder are weakened. Meanwhile, the influence of rubber
size on the s value of CRMB binder is more distinct than the y. parameter.

Fig. 13 depicts the zero-shear viscosity (ZSV) of CRMB binders with
various swelling-degradation degrees and rubber sizes. It can be found
that the ZSV values of CRMB binders are all higher than 14000 Pa’s,
indicating that the CRMB with CR dosage of 20 wt% exhibits the suffi-
cient shear deformation resistance. The swelling-degradation degree
significantly affects the ZSV value of CRMB. For all CRMB binders with
different rubber sizes, the full-swelling sample shows the highest ZSV
value, which declines with the degradation degree deepening

90000

- Full-swelling
L m Partial-degradation

Full-degradation

80000

70000

60000

50000

40000

30000

20000

Zero-shear viscosity 1 (Pa-s)

10000

7
-
g
%

0

30 30-40 50-60

Crumb rubber size (mesh)

Fig. 13. The zero-shear viscosity 1o values of CRMB binders.



S. Ren et al.

dramatically. Compared to the full-swelling CRMB with the rubber size
of 30, 30-40, 50-60, 70-80 and 90-100 mesh, the ZSV value of corre-
sponding partial-degradation sample decreases by 14.4%, 34.2%,
46.8%, 46.0% and 36.7%, respectively. Meanwhile, the related ZSV
value of full-degradation CRMB is 38.0%, 63.9%, 78.9%, 76.6% and
57.7% lower than full-swelling specimen. Moreover, the rubber size has
an obvious influence on the ZSV parameter of CRMB binder, especially
for the full-swelling and partial-degradation samples. Regarding the full-
swelling CRMB binders, with the decrease of rubber size, the ZSV value
increases first and then decreases, which reaches the maximum point
when the rubber size is 50-60 mesh. When the rubber size decreases
from 30 to 40 to 50-60, 70-80 and 90-100 mesh, the ZSV value of
partial-degradation sample reduces by 0.9%, 13.4% and 52.76%, and
the ZSV value of full-degradation CRMB binder decreases by 28.6%,
31.8% and 45.5%, respectively. Therefore, the increasing degradation
degree and decreasing rubber size would weaken the deformation
resistance but improve the workability of CRMB binder.

4.6. Effects of swelling-degradation degree on chemical properties

To explore the influence of swelling-degradation degree on the
chemical functional groups and average molecular weight of CRMB
binder, the Fourier-transform infrared (FTIR) spectroscopy and Gel
Permeation Chromatography (GPC) methods were performed. Four
CRMB binders with the rubber size of 30 mesh and different swelling-
degradation degrees were selected. The swelling time of partial-
swelling and full-swelling samples are 0.5 and 8.0 h, while the degra-
dation duration of partial-degradation and full-degradation are 7.5 and
35 h, respectively.

4.6.1. Functional groups distribution

Fig. 14 illustrates the FTIR curves of CRMB binders with different
swelling-degradation degrees. The broad peak at 3300-3400 cm ! re-
flects the stretching vibration absorption of CHOH functional groups.
The high degradation degree results in the shift left of this peak, indi-
cating that the free hydroxide groups are created during the degradation
process of CRMB binder. As expected, the two main peaks at 2920 and
2852 cm ! come from the C-H stretch of alkanes in bitumen. The spe-
cific peak at 1730 cm ™! refers to the stretch of C = O functional group in
aldehydes and carboxylic acids. Interestingly, the full-degradation
CRMB binder has the largest absorbance of C = O group, and oxida-
tion reaction would occur during the degradation procedure of CRMB
binder.

The swelling-degradation degree has no significant effect on the C =
C stretch in alkenes and alkynes according to the functional group peaks
at 1640, 1600 and 1452 cm ™. It is worth mentioning that the peak
absorbance of 1160 cm™! in full-degradation CRMB is the largest, which

0.30
: Partial-swelling
: Full-swelling
0.25 | Partial-degradation
Full-degradation
0.20 -
@
<@
S ‘
= 0.15 |-
= ]
s ]
2 ]
i |
o010 |
0.05 | b |
ﬂ
0.00 A

4000 3500 3000 2500 2000 500

Wavenumber (cm")

1500

Fig. 14. FTIR results of CRMB binders.
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represents the C-O-C stretch in esters. Moreover, the formation of ester
functional groups in CRMB binder strengthens as the degradation degree
deepening. Compared to swelling sample, the absorbance of functional
groups S = O in degradation one is lower. It validates that the desul-
furization reaction would occur during the degradation duration of
CRMB. In summary, the degradation process would accelerate the for-
mation of aldehydes, carboxylic acids and esters, while decrease the
amount of sulfide, which are associated with the oxidation and desul-
furization mechanisms.

4.6.2. Molecular weight distribution

From the viewpoint of polymer science, the molecular weight of
material is strongly related to its thermodynamics and rheological
properties. Fig. 15 presents the GPC curves of CRMB binders with
various swelling-degradation degrees. The correlation graphs regarding
the molecular weight with retention time are displayed. From the GPC
curves, the swelling and degradation processes both significantly affect
the molecular weight distribution of CRMB binder. The partial-swelling,
full-swelling and partial-degradation CRMB binders exhibit the similar
GPC curves, which is related to the less degradation degree. However,
the full-degradation sample displays the different molecular weight
distribution, especially at the region of high molecular weight. Before
conducting the GPC test, the solid insoluble from rubber particles was
filtered. Due to the less degradation degree in S0.5, S8 and D7.5, their
GPC curves mainly come from the bitumen matrix. Regarding the full-
degradation sample, more soluble molecules in rubber particles are
released into bitumen phase, which leads to the change of molecular
weight distribution.

The influence of swelling degree on the molecular weight distribu-
tion of CRMB binder is more apparent when the retention time is less
than 28 min and the molecular weight is higher than 5000 Dalton. With
the increase of swelling degree, the number of macromolecules increases
gradually. The rubber particles would absorb the light-components from
the bitumen matrix, which results in the increase of average molecular
weight of bitumen phase. Compared to the swelling sample, the GPC
curve of full-degradation CRMB shows the distinct peaks before the
retention time of 26 min. It implies that the macromolecules with the
molecular weight larger than 14,000 Dalton can be detected during the
degradation process of CRMB binder. The depolymerization reaction of
rubber particles would generate the macromolecules dissolved in
bitumen, which is consistent with the FTIR results. Interestingly, the
normalized refractive index of oily-components with the molecular
weight lower than 14,000 Dalton in full-degradation CRMB binder is
smaller than that in swelling samples, which results from the enhanced
macromolecules fraction. Meanwhile, the oxidative aging of bitumen
would also occur during the long-term degradation mixing process of
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Fig. 15. The molecular weight distribution of CRMB binders.
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CRMB binder, which contributes to the reduction of light-component
fraction and increase the average molecular weight.

M, = Zi ®)
i=1 Wi
M, = 72":2‘1:]" ;M‘ (6)
=14V
M,
D=4 @

To quantitatively assess the influence of swelling-degradation de-
gree, two average molecular weight of liquid phase (bitumen and dis-
solved rubber components) are measured. The weight-average
molecular weight M,, number-average molecular weight M, and
dispersion parameter D are calculated by Egs. (5), (6) and (7), respec-
tively, which are listed in Table 6. The swelling-degradation degree
remarkably influences the average molecular weight of liquid phase in
CRMB binder, especially for the weight-average molecular weight. The
swelling degree increases the average molecular weight of liquid phase
in CRMB binder, which decreases during the degradation procedure.
Moreover, the dispersion ability of CRMB binder weakens as the
swelling degree deepening, and the CRMB binder with high degradation
degree would exhibit better dispersion capacity.

5. Conclusions and recommendations

This study explored the continuous swelling and degradation be-
haviors of CRMB binders with different rubber sizes for the first time and
investigated the synergistic effects of swelling-degradation degree and
rubber size on the physical, rheological and chemical properties of
CRMB binders. The results from this study is beneficial to provide the
guidance to optimize the preparation conditions of CRMB binders with
different viscosity requirements. The main findings are as follows:

(1) The rubber size shows great influence on the swelling and
degradation behaviors of CRMB binder. As the rubber size decreasing,
the equilibrium swelling and degradation time are both shortened and
the viscosity of CRMB binder is improved dramatically. Moreover, the
reduction of rubber size could accelerate the continuous swelling rate,
increase the maximum viscosity and shorten the continuous swelling
time during the degradation procedure.

(2) The viscosity-based exponential swelling and degradation models
are proposed. In the swelling model, the reduction of rubber size in-
creases the absolute values of A and B parameters, but decreases the C
value gradually. Meanwhile, in the degradation model, the reduction of
rubber size would increase the absolute values of a and b parameters.

(3) The full-swelling CRMB binders exhibit the lower penetration and
ductility, which are improved as the rubber size decreasing. The CRMB
binder with small rubber size and high degradation degree would
exhibit better low-temperature cracking resistance and workability.
Additionally, the high swelling degree and large rubber size is beneficial
to the high temperature property of CRMB binder.

(4) As the degradation degree deepening, the complex modulus,
rutting resistance, elastic property and zero-shear viscosity of CRMB
binder are all weakened. Moreover, the frequency dependency of com-
plex modulus and Newtonian flow region of CRMB binder both tend to
increase during the degradation procedure. In addition, the reduction of
rubber size potentially deteriorates the high temperature properties, but
enlarges the Newtonian flow range and improve the workability of
CRMB binder.

(5) The swelling degree exhibits no obvious influence on the func-
tional group distribution of CRMB binder. However, the degradation
degree promotes the formation of free hydroxide groups, aldehydes,
carboxylic acids and esters. Furthermore, the swelling process increases
the average molecular weight of whole liquid phase in CRMB binder,
which decreases as the degradation degree increasing. However, the
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Table 6

Effects of swelling-degradation degree on molecular weight of CRMB binders.
Samples S0.5 S8 D7.5 D35
M,, (Dalton) 3639 4139 4383 3209
M,, (Dalton) 919 987 936 920
D 3.96 4.19 4.68 3.49

macromolecules released from rubber particles are detected in full-
degradation sample.

In future works, the influence of bitumen and rubber compositions
on the swelling-degradation behaviors of CRMB binder will be studied.
Meanwhile, the molecular interaction between the crumb rubber and
bitumen during the swelling and degradation procedures could be
explored with different multiscale methods. Finally, the synthetic effects
of swelling-degradation degree and rubber size of CRMB binder on the
mechanical properties of asphalt mixtures should be further
investigated.
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