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'e existence of cross-linked structure in crumb rubber modified asphalt (CRMA) leads to the complexity of its system. According
to the preparation test of CRMA under different processing technology, the influence of processing temperature and time on the
properties and cross-linking structure of CRMAwas analyzed. By analyzing the volume expansion rate of the rubber powder after
swelling and the toluene insoluble content attenuation rate, the formation conditions of the macro-level cross-linked structure
were determined, and the relationship model between the cross-linked structure and the rubber asphalt performance was
established. 'e results show that the rubber particles can form a continuous phase structure after swelling. At this time, the
expansion ratio of the swollen rubber powder was 1.76–2.14. Too high temperature (above 200°C) and too long time (above
60min) caused serious degradation of rubber. 'e suitable processing technology was stirring at 180–190°C for 45–60min.

1. Introduction

Crumb rubber modified asphalt (CRMA) is highly con-
cerned by the road industry for its good temperature re-
sistance, fatigue and skid resistance, reduction of road noise
and road construction costs, and environmental advantages
of waste recycling [1, 2]. Waste tire rubber powder (vul-
canized rubber) contains natural rubber, synthetic rubber,
sulfur, carbon black, anti-aging agents, and other ingredi-
ents. 'ese ingredients help to improve the quality of
CRMA, including increasing the softening point, reducing
penetration, increasing ductility, and improving the elastic
recovery of CRMA [3]. However, crumb rubber (CR) is an
inert polymer material. In the production process of
modified asphalt, it needs strong stirring or mechanical
shearing to be dispersed in the asphalt at high temperature.
'e current preparation process conditions are mainly
determined with reference to engineering experience, and
there is still a lack of theoretical basis for the interaction
between rubber powder and asphalt. Many scholars have
carried out research on the performance and engineering
application of CRMA. A large number of research results

have been obtained in the process conditions such as the
preparation temperature and time of CRMA, as well as
particle size and amount of rubber powder [4–8]. 'e re-
action process of CRMA was closely related to the asphalt
medium, reaction temperature, and reaction time, and the
deeply degraded rubber powder can be quickly dispersed in
the asphalt [9, 10].

'e swelling and degradation behavior of CR in the asphalt
greatly affects the modification effect and road performance of
CRMA. In order to obtain high-performance CRMA,
researchers have gradually begun to study the physical-
chemical behavior and microscopic mechanism of CR and
asphalt. Abdelrahman et al. [11] pointed out that there were
rubber powder swelling and degradation behavior in CRMA.
Frantzis et al. [12] and Cong et al. [13] used scanning electron
microscope (SEM) to describe the swelling of rubber powder in
hot asphalt. At the high temperature, the rubber powder
absorbed the light components of the asphalt and expanded.
'e rubber powder particles contacted each other and were
connected by the gel film to form a semi-solid continuous
structure, which restricted the movement of the free asphalt
and formed a continuous interlocking phase [14]. Cui et al. [6]
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and Dong et al. [15] used infrared spectroscopy (IR), ther-
mogravimetry, and x-ray photoelectron spectroscopy (XPS) to
analyze the impact of the microstructure of CR powder on the
properties of CRMA and found that the swelling of rubber in
the asphalt started from a rapid growth process and then
tended to balance. Excessive temperature or time caused ex-
cessive degradation and agglomeration of rubber powder, or
asphalt aging behavior, which would change the physical and
chemical state of CRMA, resulting in performance degradation
[16]. Besides, Wang et al. [17] and Ji et al. [18] used finite
element model and Crank diffusion model to predict the ex-
pansion behavior of rubber in asphalt and proposed two
swelling parameters-swelling coefficient and final swelling
amount. However, the swelling and degradation characteristics
of rubber powder in asphalt still lack rapid and intuitive
analysis and evaluation. 'e physical and chemical properties
and modification behavior of CRMA still need to be further
studied.

In the paper, the changes in the cross-linking structure
of CRMA during processing were evaluated quickly and
intuitively from a macro perspective. CRMA was prepared
by different processing temperature and time. 'rough
penetration, softening point, ductility, viscosity, and
resilience, the physical properties of CRMA under dif-
ferent processing temperature and time conditions were
studied. In addition, the swelling and degradation of
CRMA during processing were evaluated by the volume
and mass of toluene insoluble matter. Besides, the cor-
relation analysis of the applicability of the cross-linked
structure test methods was carried out to determine the
appropriate processing temperature and time from the
perspective of rubber swelling and degradation in the
CRMA. Finally, SEM was used for intuitive verification.

2. Materials and Methods

2.1. Raw Materials. 'e performance of base asphalt will
directly affect the performance of crumb rubber modified
asphalt (CRMA). 'e main properties of Shell-70 are shown
in Table 1.'e 40-mesh crumb rubber (CR) was produced in
Sichuan Province, China. 'e basic physical properties of
CR are shown in Table 2.

2.2. Preparation of CRMA. Prior to mixing, crumb rubber
was preserved in the oven at 60°C for 30min to remove
residual water. 'en, the dried crumb rubber (16% by the
weight of base asphalt) was added to the heated asphalt. 'is
blend was mixed at designated mixing temperature (160°C,
180°C, 200°C, 220°C, and 240°C) and mixing time (30min,
45min, 60min, and 75min) using a high-speed shear mixer
at a constant shearing speed of 5000 r/min. Finally, the
CRMA was stirred manually for 5min to exhaust air.

2.3. Research Approach. 'e purpose of this study was to
analyze the influence of different processing temperatures
and times on the performance of CRMA with polynomial
correlation. At the same time, the process of swelling and
degradation of CRMAwas judged from themacroscopic and

microscopic perspectives. 'e material preparation and
testing performed in this study are shown in Figure 1. Details
are introduced in the following subsections.

2.3.1. Physical Properties. 'e physical properties of asphalt,
including penetration at 25°C, softening point, ductility at
5°C, viscosity at 180°C, and resilience at 25°C, were tested in
accordance with ASTM D5, ASTM D36, ASTM D113,
ASTM D2196, and ASTM D5329, respectively.

2.3.2. Degradation and Swelling of Crumb Rubber.
Crumb rubber would continue to swell and degrade during
processing. Vulcanized rubber powder is basically insoluble
in toluene, and the soluble part increases after desulfur-
ization (S–S/C–S). 'e swelling and degradation of rubber
can be evaluated by quantitatively analyzing the volume and
mass loss of toluene insoluble matter (TIM) [19, 20]. During
CRMA processing, after reaching the specified time each
time, without affecting the stirring, the CRMA with a certain
mass (M0) was directly weighed out twice: Part a and Part b.
Among them, Part a and Part b were used for swelling test
and degradation test of crumb rubber, respectively. Next, an
appropriate amount of toluene at 50–60°C was added and
stirred until the asphalt and other soluble matter were
completely dissolved in toluene. 'en, the solution was
poured into a sand core funnel with filter paper and washed
with toluene to obtain CR powder until the filtrate was
colorless.

After that, Part a, the rubber with filter paper was put
into a measuring cylinder with a known volume of water
(V0), and the increased volume (V2) was recorded. Simul-
taneously, the same operation on the pure CR was per-
formed and the volume (V1) in the measuring cylinder was
recorded. Part b, the washed CR powder was placed in a
vacuum drying oven with a temperature of 60± 1°C and a
vacuum of 93 kPa± 1 kPa to a constant weight, and the mass
(M1) was recorded. Expansion ratio of TIM (E), the TIM
content (K), and attenuation rate of TIM content (Q) were
calculated using equations (1)–(3), respectively:

E �
V2 − V0

V1 − V0
, (1)

K �
M1

c × M0
× 100%, (2)

Q �
K0 − K

K0
× 100%, (3)

where c is CR powder content (16%) and K0 is the content of
TIM in pure CR powder in the experiment (0.945%).

2.3.3. SEM. SEM has high resolution and can observe the
microscopic morphology, structure, and distribution of
modified asphalt [21, 22]. 'e samples in the system were
scanned under 20,000x magnification by Hitachi S-4800.
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3. Results and Discussion

3.1. )e Influence of Processing Temperature on CRMA.
Processing temperature is an important condition that af-
fects the preparation process of CRMA. 'e higher the
temperature, the better the reaction speed and degree of CR
desulfurization and swelling, but too high temperature
would easily lead to aging of the base asphalt and rapid CR
degradation. Generally, when selecting the preparation
temperature, the CR should be fully swelled and uniformly
dispersed during the process. 'e control of specific tem-
perature should be determined comprehensively according
to the characteristics of base asphalt and rubber powder and
their interaction.'e influence of processing temperature on
CRMA’s performance is shown in Figure 2.

As the temperature increased, the penetration of CRMA
basically showed an increasing trend (Figure 2(a)), because
high temperature intensified the desulfurization and deg-
radation of CR, and the cross-linking reaction between CR
and asphalt accelerated. Simultaneously, with the effective

CR particles decreasing, the soluble components in the
asphalt increased, and the light components participating in
the swelling reaction returned to the asphalt, resulting in
more light components in the CRMA system at high tem-
peratures than that at low temperatures, so the penetration
degree increased with the increase of temperature.

From the data in Figure 2(b), as the processing tem-
perature increased, the softening point decreased. 'e de-
creasing trend was not obvious between 180°C and 200°C.
Under this temperature range, the light components
absorbed by the swelling reaction in CRMA, and part of CR
underwent desulfurization and degradation reactions
“freed” out soluble components; thus, they were in equi-
librium. However, an inflection point occurred at 200°C; that
is, the softening point was greatly reduced. A qualitative
change has occurred in CR interior at 200°C. Desulfurization
and degradation reactions began to replace swelling reac-
tions and gradually dominate [23]. 'erefore, when the
preparation temperature was too high, the high-temperature
stability of CRMA would decrease.

Base asphalt Crumb rubber

Mix temperature Mix time

160°C
180°C
200°C
220°C
240°C

30min 
45min 
60min 
75min

CRMA

Penetration
Softening point
Ductility
Viscosity
Resilience

Physical property

Optimal processing method

Determination of cross-linked 
structure

Swelling test
Degradation test
Scanning electron microscope

Figure 1: Experimental design.

Table 1: Physical properties of base asphalt.

Properties Softening point (°C) Penetration (25°C, 0.1mm) Ductility (15°C, cm)
Shell-70 47.5 72 >100

Table 2: Physical properties of crumb rubber.

Test methods Relative density Water content (%) Fiber content (%) Metal content (%)
Test value 1.08 0.31 0.25 0.03
Screening test
Sieve size (mm) 0.6 0.3 0.15 0.075
Trough rate (%) 98.3 63.4 2.4 0.5
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Figure 2: 'e influence of processing temperature on CRMA’s performance. (a) Penetration. (b) Softening point. (c) Ductility. (d) Viscosity.
(e) Resilience.
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'e ductility of CRMA kept increasing within 200°C, and
basically tended to be stable after 200°C (Figure 2(c)). With
the increase of temperature, the swelling rate of CR in as-
phalt gradually increased, and the volume of CR particles
expanded rapidly. At the same time, the desulfurization and
degradation effects increased the soluble composition of CR,
which improved the low-temperature flexibility of CRMA.
But when the temperature was higher than 200°C, the asphalt
began to age, and the light components were volatilized,
while the degree of CR degradation also increased. Under
the combined action, the trend of ductility was basically
stable. After the temperature continued to rise, the rubber
powder degraded seriously and lost the effect of improving
the low-temperature performance of CRMA.

It can be seen from Figure 2(d) that the viscosity of
CRMA first increased and then decreased. 'e swelling
reaction rate of the rubber powder absorbing the light
components in the asphalt increased, which enhanced the
cross-linking between the CR particles, and finally increased
the viscosity. After the temperature exceeded 200°C, the
desulfurization and degradation effects reduced the volume
of the rubber powder. When the volume was small to a
certain extent, the cross-linking between the CR particles
weakened, thereby reducing the viscosity of CRMA.

'e change trend of the elastic recovery of CRMA was
shown to increase slowly and then decrease. At the begin-
ning, the temperature rose, the swelling reaction rate in-
creased, and CRMA formed a good micro-network
structure, which enhanced the resistance to deformation.
After the temperature reached 200°C, the volatilization of
light components intensified, and the micro-network
structure was destroyed; thus, the elastic recovery decreased.

3.2. )e Influence of Processing Time on CRMA. In the
preparation process of CRMA, the processing temperature
and processing time influence and restrict each other.
'erefore, it is important to choose the right processing
temperature and time. From Figure 3(a)–3(c), it can be seen
that, with the extension of processing time, the penetration
and ductility of CRMA basically showed an upward trend,
while the softening point showed a downward trend. At the
beginning of processing, CR mainly swelled in the asphalt,
absorbed the light components, and formed a microscopic
network structure with the asphalt. As the preparation time
continued to extend, the swelling reaction reached the upper
limit, and the desulfurization degradation of CR began to
dominate. In the CRMA system, the effective rubber content
decreased, so the penetration increased and the softening
point decreased. 'e desulfurization and degradation re-
actions accelerated the generation of rubber’s molecular
chain segment.

'e viscosity of CRMA showed a tendency to increase
first and then decrease (Figure 3(d)), because the CR had
poor swelling effect, small volume ratio, and discontinuous
particles at the initial stage of preparation. After that, the
continuous swelling reaction enhanced the mutual cross-
linking between CR particles, resulting in an increase in
viscosity. When the time was too long, the desulfurization

and degradation would decrease the volume of the rubber
particles and the effective rubber content. When the volume
was small to a certain extent, the cross-linking between the
CR particles would weaken, thus making the viscosity of
CRMA decrease.

'e resilience of CRMA gradually increased as a whole,
and then its growth trend gradually slowed down. 'e
volume of CR absorbed light components increased, and the
elastic effect of rubber particles was enhanced, so that the
resilience ability of CRMA was developed. After CR swelling
reaction was sufficient, the elastic effect of CR particles was
fully used, and the resilience of CRMAwould slowly level off.

In general, when the processing temperature is too low
or the mixing time is too short, the consistency of CRMA is
relatively large, and the rubber powder cannot be fully
dispersed in the asphalt, which is not conducive to the
swelling reaction. Besides, too high temperature or too long
time will cause excessive aging of asphalt and rapid deg-
radation of rubber powder. In order to prevent excessive
desulfurization and degradation of rubber powder, the final
suitable processing technology determined according to the
materials used is high-speed stirring at a temperature range
of 180–190°C for 45–60min.

3.3.DegradationAnalysis. During CRMA processing, due to
the combined action of high-speed shear, high temperature,
and time, rubber would swell, desulfurize, and degrade. 'e
vulcanized rubber contained in the CR powder is insoluble
and becomes soluble in toluene after desulfurization and
degradation. 'e greater the attenuation rate (Q value) of
toluene insoluble content, the more serious the desulfur-
ization and degradation of CR powder. According to the test
results in Figure 4, the Q value went up with time. At the
same time, the higher the processing temperature of CRMA,
the greater the Q value. It shows that the degree of desul-
furization and degradation of rubber powder under high-
temperature conditions was serious. With the extension of
time, the degree of desulfurization and degradation con-
tinued to increase. 'e initial growth was relatively fast, but
the later reaction gradually slowed down. 'erefore, the
reaction temperature should be strictly controlled in the
CRMA processing. 'e low temperature and the insufficient
swelling were not conducive to the desulfurization and
degradation reaction. 'e insufficient sol content caused the
improvement of the flexibility of the asphalt to be limited.
'is corresponded to the conventional physical properties of
CRMA. However, too high temperature would cause ex-
cessive decomposition of rubber powder, so the processing
temperature should not be too high, and the storage time
under high temperature should not be too long.

3.4. Swelling Analysis. Crumb rubber would absorb the light
components in asphalt and swell. It can be seen from Figure 5
that at low temperatures, as time increased, the expansion ratio
gradually climbed and then tended to be flat. Due to the
complex structure and large molecular volume of the saturated
and aromatic components in asphalt, the content of light oil is
limited, and it is also enveloped by gums and asphaltenes [24].
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Figure 3: 'e influence of processing time on CRMA’s performance. (a) Penetration. (b) Softening point. (c) Ductility. (d) Viscosity.
(e) Resilience.
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As the processing temperature increased, the speed of rubber
swelling in asphalt rose. But if it is processed for a long time, the
balance between swelling and desulfurization degradation
would be broken. Evaluation by the volume of toluene in-
soluble matter shows that the expansion ratio of CRMA has
decreased. When the temperature was too high, the speed of
desulfurization and degradation was faster than that of
swelling, which reduced the toluene insoluble matter, and the
measured expansion ratio continued to decrease. Considering
the large content of CR powder, the volume of CR powder after
swelling in the asphalt was greatly increased, and because part

of the light oil in the asphalt was absorbed by the CR powder,
the total volume of the asphalt was reduced. 'e proportion of
expanded rubber powder will account for 40% or more of the
total volume of CRMA. 'e particles of rubber powder
gradually change from the dispersed phase to the continuous
phase, which leads to a large change in the properties of the
asphalt.

3.5. CorrelationAnalysis of Swelling andDegradation. At this
stage, the correlation between the swelling and degradation
of CRMA at different temperature and time was analyzed,
and the results are shown in Figure 6. At the same time,
polynomial regression fitting on the data was performed,
seen in Tables 3 and 4 for the fitting parameters. 'e closer
the coefficient of determination (R2) value is to 1, the better
the fit of the regression line to the observed value; on the
contrary, the smaller the value of R2, the worse the fit of the
regression line to the observed value. Due to the use of
toluene insolubles to test the volume and content of vul-
canizates, although there was slight error, the regularity was
certain. For different processing times, when processing for
30min and 75min, the correlation between the swelling and
degradation of CRMA was better, and R2 was above 0.90.
Since the swelling rate of CRMA was higher than that of
degradation in a short time, and the opposite law appeared
when the time is too long, the correlation is better. At 45min
and 60min, the balance of swelling and degradation of
CRMA has been fluctuating; R2 was only 0.64–0.72. In
addition, under different processing temperature conditions,
the correlation of the swelling and degradation of CRMA at
160°C, 180°C, 200°C, and 240°C was good; R2 reached above
0.88. Simultaneously, it can be predicted from the fitting
curve that, at 180°C, the swelling rate is slightly faster than
the degradation rate, while the degradation rate is faster than
the degradation rate at 220°C.

3.6. SEM. 'e morphology of the rubber powder particles
was observed by SEM, and the results are shown in Figure 7,
where (a) is the pure rubber powder particles, (b) is the
observation of the rubber powder after washing with tolu-
ene, and (c) is observation that the rubber powder in CRMA
was washed with toluene.

It can be seen from Figure 7(a) that the surface of the
pure rubber powder particles was uneven, with many
wrinkles and a small amount of carbon black on the surface
of the particles, which was approximately a network
structure, resulting in easily adsorbing the light components
in the asphalt. After being soaked and dissolved in toluene
(Figure 7(b)), the CR powder particles were not completely
dissolved, but no obvious changes were observed under the
naked eye. SEM observations showed that the surface of CR
particles had a small amount of change, surface wrinkles
were more obvious, and carbon black particles increased. It
indicates that some substances were dissolved under the
action of toluene, making some carbon black particles ex-
posed. After the CR powder was fully reacted in the asphalt
(Figure 7(c)), the surface was more uneven and the exposed
carbon black particles were more obvious. Under the action
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Figure 6: 'e relationship between Q value and E value. (a) Different time. (b) Different temperature.

Table 3: 'e fitting value of Q value and E value at different time.

Equation y2 � A + B1 ∗x + B2 ∗x2

Time 30min 45min 60min 75min

A 0.41709± 0.10752 −0.47394± 1.76446 −0.92246± 2.3433 −0.05313± 1.94987
B1 0.0713± 0.00752 0.13537± 0.0905 0.13604± 0.09693 0.09845± 0.07659
B2 −9.77807E− 4± 1.17461E− 4 −0.00175± 0.00108 −0.00151± 9.49146E− 4 −0.0012± 7.16878E− 4
R2 0.98564 0.64699 0.72062 0.90059

Table 4: 'e fitting value of Q value and E value at different temperature.

Equation y1 � A + B1 ∗x + B2 ∗x2

Temperature 160°C 180°C 200°C 220°C 240°C

A −0.24772± 0.27814 −1.0352± 1.05358 −2.78019± 0.87009 −3.73591± 5.3311 2.41475± 4.52155
B1 0.13284± 0.02408 0.15342± 0.0584 0.21996± 0.04037 0.21701± 0.20182 −0.00781± 0.15374
B2 −0.00201± 4.75419E− 4 −0.00187± 7.37085E− 4 −0.00246± 4.42059E− 4 −0.00206± 0.00184 −2.07267E− 4± 0.00128
R2 0.99331 0.88453 0.96963 0.62527 0.95613

(a) (b)

Figure 7: Continued.
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of high temperature and high-speed shear, part of the rubber
particles desulfurized and degraded, showing off from the
rubber powder, changing the original surface state [13].

4. Conclusion

(1) 'e processing temperature and time of CRMA
should not be excessive; otherwise, they would lead
to accelerated degradation of rubber and aging of
asphalt and have a bad influence on the physical
properties of CRMA. 'e final suitable processing
technology was the temperature range of 180–190°C
and the stirring time of 45–60min.

(2) With the increase of processing time and tempera-
ture, the attenuation rate of toluene insoluble matter
went up, indicating that the rubber in CRMA was
seriously degraded.

(3) For the swelling of rubber, at low temperature, the
expansion rate increased as the time increased. But
due to the effect of degradation at high temperature,
the expansion rate decreased gradually with the
increase of time.

(4) 'e expansion ratio of rubber and the attenuation
rate of toluene insoluble matter showed a certain
polynomial regression correlation at different pro-
cessing temperature and time. Most of the correla-
tion coefficients were above 0.88.

(5) It can be seen from the SEM that excessive pro-
cessing exposed the carbon black and accelerated the
desulfurization and degradation of rubber in the
CRMA.

Data Availability

Some of the data required to reproduce these findings cannot
be shared at this time as the data also form part of an
ongoing study.
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