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Ground tires are one of the main sources of urban solid waste. Rubber powder-modified
asphalt provides an effective method to solve the problem, and it presents good high- and
low-temperature performance in sustainable pavement construction. However, the
storage properties of rubber powder-modified asphalts prepared from the traditional
low-temperature shear mixing method are unstable, which restricts their application. In this
study, four test methods (the softening-point test; the dynamic shear rheological test; the
Laboratory Asphalt Stability Test; and fluorescence image analysis) and six evaluation
indexes (the softening-point difference Sdiff, the segregation percentage Sp, the
segregation index Ise, the segregation rate Rs, the degradation rate Rd, and the
stability index Ist) were employed to analyze the storage abilities of asphalts modified
by various activated rubber powder contents. The results show that the storage properties
have a positive correlation with rubber powder content in the modified asphalt, and a
rubber powder content of 60% is proven to be the optimum mixing amount. The rubber
powders can distribute uniformly in the asphalt matrix when mixed below the optimum
mixing amount; otherwise a rubber powder agglomeration is formed. The quantitative
morphology analysis results are in good agreement with the laboratory test conclusions.
The activated rubber powder shows better compatibility compared with ordinary rubber
powders and presents a promising method to treat waste ground tires.

Keywords: rubber powder-modified asphalts, stability evaluation, mechanism, sustainable pavement, fluorescence
imaging method

INTRODUCTION

Waste tires are significant contributors to urban solid waste (Siddika et al., 2019; Luo et al., 2020).
In pavement construction, rubber powder-modified asphalt presents good performance in both
high- and low-temperature working conditions (Ding et al., 2019), and it provides a sustainable
solution to the solid waste problem (Ma et al., 2017; Zhang et al., 2020). However, due to the
compatibility problem between rubber powder and asphalt (Li et al., 2019), the storage ability of
modified asphalt has drawn much attention in sustainable pavement construction (Guo et al.,
2020; Ma et al., 2020). The main factors affecting the storage properties of modified asphalts
include the properties of asphalts and rubber powders and the compatibility between them (Yu
et al., 2018). Therefore, an effective method to improve the storage stability of rubber powder-
modified asphalt is to activate the surface of rubber powder (Liao and Li, 2004; Yu et al., 2018; Li
et al., 2019). The light component in asphalt may also affect the distribution properties of rubber
powder (Sienkiewicz et al., 2017).
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Recently, much attention has been paid to the storage stability
of rubber powder-modified asphalt (Bahia and Zhai, 2000). The
segregation test provides an evaluation method to assess the
storage ability of modified asphalt. The test is easily performed
and has low cost (Zhong-Yang et al., 2018). The National
Highway Cooperation Research Program (NCHRP) of the
United States has developed a new Laboratory Asphalt
Stability Test (LAST) to evaluate the stability of modified
asphalt based on the segregation test (Bahia and Zhai, 2000).
Li Ping developed a Modified Asphalt Stability Test (MAST) on
the basis of the LAST (Li, 2005). Yin Jiming evaluated the storage
stability of modified asphalt with LH-1 stabilizer utilizing the
MAST method and test-tube method (Yin, 2008).

Chemical and physical modifications are the two main
methods to improve the stability of rubber powder-modified
asphalt (Artamendi et al., 2006; Zhang et al., 2017). The
physical method is to diminish the rubber powder particles at
high temperature and high-speed shearing condition
(Maccarrone, 1991); the compatibility between rubber powder
and asphalt can be improved by increasing the specific surface
area (Shi, 2011). The chemical method is by activating the surface
of rubber powder or adding stabilizer. The activated rubber
powder has better surface activity in the asphalt matrix, which
makes it easier to disperse during shear mixing (Mu et al., 2020).

Research shows that rubber powder-modified asphalt
prepared by the activation of modified rubber powder has
lower viscosity and better stability in the same condition
compared with ordinary rubber powder (Lu et al., 2014; Ma
et al., 2017; Hallmark-Haack et al., 2019). Recently, the terminal
blend (TB) method has been widely accepted as a means of
modifying asphalts with rubber powder. The high-speed loading
treatment was applied on base asphalt after mixing with high-
content rubber powder at high temperature (Tan et al., 2020). The
TB method ensures that the rubber powders have good
distribution properties after fully swelling. The
depolymerization level of rubber powder is increased
significantly; hence, the storage stability of modified asphalt
can be improved (Presti, 2013).

To summarize the previous research achievements, the
segregation test method, the LAST method, and the dynamic
mechanical method were employed to assess the storage stability
of modified asphalts in this study. To further research the
storage stability mechanism, fluorescence microscope (FM)
technology was used to scan the micro-properties of

modified asphalt. The correlation between the laboratory test
results and mechanism of storage properties of rubber powder-
modified asphalt can be established, which could provide a
reference for improving the service ability of sustainable
pavements.

TESTS AND METHODS

Materials
The 40-mesh activated rubber powder was pre-swelled with 20%
waste oil. The microwave treatment on rubber powder was
selected as 2 min because toxic gases were produced after
2 min, and the rubber powders started to burn (Yin et al.,
2021). The rubber powders were obtained from the waste
meridian tire plant of Tianjin City, and the detailed properties
of the rubber powder can be seen in Table 1. Filtered motor oil
was employed as the waste oil in this study, with a density of
0.89 g/cm3. To prepare the modified asphalt, the shearing
temperature is selected as 230–240°C, the shearing rate is
3,000 r/min, and the shearing time is 5 h. The asphalts used
were SK-90# from South Korea, and the properties of the asphalt
can be seen in Table 2.

Evaluation Methods
Segregation Test
The segregation test (T0661-2011) is the most widely used
method to evaluate the storage stability of polymer-modified
asphalt. According to the specification of “Standard Test
Methods of Bitumen and Bituminous Mixtures for Highway
Engineering” (JTG E20-2011, 2011), the testing procedure can
be summarized briefly as below:

(1) The asphalt sample is heated at the recommended
temperature, and then 50 ± 0.5 g of asphalt is poured into
the separation tube.

(2) The segregation tube is conditioned vertically in the oven for
48 ± 1 h at 163 ± 5°C.

(3) After heating and segregation, the separation tube is removed
together with the test tube rack and placed into a freezer
vertically for cooling for at least 4 h to make the asphalt
sample solidify.

(4) The separation tube is cooled in a temperature-controlled
box for 4 h until the solidification of asphalt.

TABLE 1 | Properties of waste rubber powder tires.

Properties American standard Chinese standard Actual value

Physical index Relative density (g/cm3) 1.1–1.2 1.1–1.3 1.26
Moisture content (%) ≤0.75 <1 0.83
Metal content (%) <0.1 <0.03 0.02
Fiber content (%) -- <1 0.8

Chemical index Acetone extract (%) ≤25 ≤22 10.55
Ash content (%) ≤8 ≤8 2.43
Carbon black content (%) 20–40 ≥28 34.78
Rubber hydrocarbon content (%) 40–55 ≥42 52.24
Natural rubber content (%) 16–24 ≥30 30.56
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(5) The segregation tube is cut into upper, middle, and lower
sections, in preparation for the test.

The segregation test sample can be seen in Figure 1, and
asphalts modified by various rubber powder content (20%, 25%,
30%, 40%, 50%, 60%, and 70%) were used.

Dynamic Mechanical Method
The dynamic shear rheological (DSR) test is widely accepted
in studying the rheological properties of asphalts and has the
advantages of easy operation and high testing precision. The
evaluation indexes of DSR are complex shear modulus G* and
phase angle δ. Recently, the DSR method was introduced to
analyze the storage ability of rubber powder-modified asphalt
by comparing the rheological property differences of
modified asphalts between upper and lower sections of the
segregation tube (Bahia et al., 1998). In this study, the
rheological property differences in the upper and lower
sections of various asphalts were assessed utilizing the
DSR method, and the storage abilities of tested asphalts
were analyzed.

Laboratory Asphalt Stability Test (LAST)
The LAST is a part of the National Highway Cooperation
Research Program (NCHRP) 9–10 project, and it was

developed to study the storage stability of asphalt binders
modified by elastomers, plastomers, and solid additives
(Polacco et al., 2015). This method involves the use of a small
storage cabinet composed of an internal heater, an external
heater, an agitator, and a temperature control device, which
was designed to simulate the actual storage conditions.

Fluorescence Imaging Method
A fluorescence microscope (FM) was used to scan the target with
420 nm wavelength monochromatic light or 365 nm wavelength
ultraviolet and observe distribution properties of targets
according to the fluorescence shape.

According to the mechanism of modified asphalt, the rubber
powders distribute in the asphalt matrix after shear mixing. The
fluorescence reaction occurs on the rubber powder when lighted
by various lasers. Asphalts are black and opaque and have no
fluorescence reaction. The fluorescence reaction difference
between rubber powder and asphalt can be used to present the
distribution properties. Figure 2 shows the FM device and the
distribution of rubber powders in modified asphalt.

Evaluation Index
Softening-Point Difference
The softening-point difference between the upper and lower
section separation pipe is the most commonly used method in
assessing the storage stability of polymer-modified asphalt.
Generally, it is considered that the storage stability of modified
asphalt can meet the requirement of application if the softening-
point difference is less than 2.5°C.

The softening-point measurement was conducted based on
the T0606-2011 in “Standard Test Methods of Bitumen and
Bituminous Mixtures for Highway Engineering” (JTG E20-
2011, 2011), and the softening-point difference can be
calculated according to the following equation:

Sdiff �
∣∣∣∣St − Sb

∣∣∣∣, (1)

TABLE 2 | Properties of SK-90# asphalt.

Properties Specification value SK-90#

The penetration (25°C, 100 g, 5 s)/0.1 mm 80–100 89.9
Softening point/°C >42 45.5
Ductility (5 cm/min, 10°C)/cm >100 >100
RTFOT (163°C, 85 min) Loss of quality/% j±0.8 0.07

Penetration ratio/% >54 70
Ductility at 10°C/cm >6 9.0

FIGURE 1 | Segregation test.
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where St- is the softening-point value of the upper part of the
separation tube, °C, and Sb- is the softening-point value of the
lower part of the separation tube, °C.

Segregation Percentage
The segregation percentage is used to evaluate the storage
stability of polymer-modified asphalt. This is a recently
developed evaluation method based on the ASTM D 5892-00
(Bahia and Zhai, 2000; ASTM D5892-00, 2001). The complex
shear modulus G* of the upper and lower sections of the
segregation test is measured at high temperature utilizing the
DSR method (25 mm parallel plate, 54°C testing temperature,
and 10 rad/s frequency), and then the segregation percentage
can be calculated according to Eq. 2. A smaller segregation
percentage means better storage stability.

Sp �
max(G*

t ,G
*
b) − G*

avg

G*
avg

× 100, (2)

where Gt* and Gb* are the complex shear modulus values of the
upper and lower sections of the separation tube and G*avg is the
average value of the complex shear modulus of the upper and
lower sections.

Segregation Index
The segregation index (Ise) is calculated based on the logarithm
of complex shear modulus ratio, which can be used to evaluate
the storage stability of polymer-modified asphalt (Li et al.,
2019), and Ise can be calculated according to Eq. 3. It can be
concluded that a smaller absolute value of Ise means better
storage stability of modified asphalt. The complex shear
modulus in this research was acquired with the testing
parameters of an 8 mm parallel plate, 25°C testing
temperature, and 10 rad/s frequency.

Ise � log(G*
b

G*
t

). (3)

Segregation Rate and Degradation Rate
The complex shear modulus G* and phase angle δ can be used to
calculate the segregation rate and degradation rate at high and
medium temperatures. The storage stability of the asphalt binder
was evaluated using Eqs. 4 and 5 to calculate the segregation rates
of samples at different times over 48 h, and the same data were
also used to calculate degradation ratios according to Eqs. 6 and
7. It is considered that segregation or degradation occurs if the
index value is out of the range of 0.8–1.2.

RsHT � (G*/sin δ)t
(G*/sin δ)b, (4)

RsIT � (G*/sin δ)t
(G*/sin δ)b, (5)

RdHT � (G* · sin δ)t + (G* · sin δ)b
2(G* · sin δ)in , (6)

RdIT � (G*/sin δ)t + (G*/sin δ)b
2(G*/sin δ)in , (7)

where G*/sinδ is the rutting factor and G*·sinδ is the fatigue
factor. HT and IT represent the high and medium temperature,
respectively; t and b represent the upper and lower sections of the
separation tube, respectively; and in represents the initial value.

Stability Index
The fluorescence area of rubber powders in the asphalt matrix was
analyzed using Image Pro Plus software. The stability index (Ist)
can be calculated according to Eq. 8. Ist can evaluate the storage
ability of modified asphalts based on the morphology method.

Ist � St
Sb
, (8)

where St is the fluorescence area of rubber powder in upper section
and Sb is the fluorescence area of rubber powder in lower section.

FIGURE 2 | Fluorescence microscope and fluorescence micro-images.
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RESULTS AND ANALYSIS

Softening-Point Difference
To study the softening-point difference between the upper
and lower sections of the segregation tube, asphalts with
various activated rubber powder contents of 20%, 25%,
30%, 40%, 50%, 60%, and 70% were employed. To further
understand the effect of storage time, the softening-point
difference asphalts (50%, 60%, and 70%) from the upper
and lower sections of the segregation pipe were measured
after pouring for 1, 2, 3, 4, and 5 h, and four replicates were
tested for each parameter.

Figure 3 shows the poured softening-point specimen and the
softening-point measurement, using a softening-point meter, and
Figure 4 presents the developing rules of softening-point
difference with various rubber powder contents.

As can be seen in Figure 4, with the increase in the activated
rubber powder content, the softening-point difference gradually
decreases. The softening-point difference reaches its maximum at
20% and its minimum at 70%. It can be concluded that the storage

stability of 20% rubber powder-modified asphalt is the worst, and
that of 70% is the best.

To research the softening-point difference between the upper
and lower sections of the separation pipe, the 50%, 60%, and 70%
activated rubber powder content modified asphalts were tested at
various shear times (1, 2, 3, 4, and 5 h), and the test results can be
seen in Figure 5.

In Figure 5, the softening-point difference of asphalts
modified with different rubber powder contents decreases as
shear time increases. The overall softening-point difference
curves of 50% rubber powder content asphalt are higher than
those of 60%, but they present a similar trend. For the asphalt of
70% rubber powder content, the curve drops rapidly in the first
2 h under the effect of high-speed shear loading and then stays
stable in the last 3 h.

Segregation Percentage
The developing rules of segregation percentage value of modified
asphalt at the rubber powder content range from 20% to 70%, as
shown in Figure 6.

FIGURE 3 | Softening-point test. (A) Specimen. (B) Testing device.

FIGURE 4 | Variation of softening-point difference with content.
FIGURE 5 | Variation of softening-point difference of asphalt modified by
high-content activated rubber powder with shear time.
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It can be seen in Figure 6 that the segregation percentage
gradually decreases with the increase in rubber powder content.
The segregation percentage value reached its maximum value of
14.92% at the rubber powder content of 20% and reached its
minimum value of 1.24% at the rubber powder content value of
70%. Two inflection points can also be seen at the rubber powder
contents of 30% and 60% in the curve.

Segregation Index
The developing rules of segregation rate at various rubber powder
contents can be seen in Figure 7.

It can be seen from Figure 7 that the segregation index (Ise)
increases gradually along with the increase in activated rubber
powder content. The segregation index of 20% rubber powder-
modified asphalt has the biggest absolute value among all. The
absolute values of 60% and 70% are the two lowest, and the zero
point can be found between 60% and 70% rubber powder content.

Segregation Rate and Degradation Rate
The high-temperature andmedium-temperature segregation rates of
different modified asphalts with rubber powder content varying
from 20% to 70% can be seen in Figures 8A and B.

Figure 8A illustrates that, with the increase in the rubber powder
content, the segregation rate increases from 0.32 to 0.99. According to
the specification of the LAST, the standard segregation rate is required
to vary from0.8 to 1.2. It can be seen that asphaltsmodified by 60%and
70%rubber powder contents are applicable in actualworking condition.

In Figure 8B, the segregation rates at medium temperature of
tested asphalts are all between 0.8 and 1.2, and it can be concluded
that the segregation rate index is not sensitive to the variation of
rubber powder content in modified asphalt. Combining Figures 8A
and 8B, the rubber powder content between 60% and 70% presents
the best storage ability in both conditions.

The high-temperature and medium-temperature degradation
rates of different modified asphalts with rubber powder content
varying from 20% to 70% can be seen in Figures 9A and 9B.

In Figure 9, the degradation rates of all the tested modified
asphalts in high and medium temperatures are between 0.8 and
1.2, and there is no clear tendency along with the increases of
rubber powder content. It can be concluded that the degradation
rate index cannot differentiate the difference among asphalts with
various rubber powder contents significantly.

Stability Index
A fluorescence microscope (FM) was employed to research the
microscopic rubber powder distribution properties of modified
asphalts under high-temperature and high-speed shear mixing,
and the observation results of 50%, 60%, and 70% activated
rubber powder content asphalts can be seen in Figure 10.

It can be seen in Figure 10 that the rubber powder
distribution density of various asphalts is relatively large.

FIGURE 7 | Thechangeof segregation rateat various rubberpowder contents.

FIGURE 8 | The variation of segregation rate with the amount of the rubber powder. (A) High temperature. (B) Medium temperature.

FIGURE 6 | The change of segregation percentage with dosage.
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Among them, the 50% and 60% rubber powder content asphalts
have similar morphology, but the rubber powder distribution
density of 60% asphalt is higher than that of 50% asphalt. For
70% asphalt, the rubber powder distribution structure in the
matrix changes, and small crosslinking phases can be found. It
can be concluded that there is not enough light component in
asphalt, and the rubber powder cannot be dispersed sufficiently.

To further understand the micro-distribution properties of
modified asphalt quantitatively, Image Pro Plus software was
utilized to analyze the fluorescent images, as shown in Figure 11.

Based on the fluorescence microscopy method and IPP software,
the upper and lower section in the separation pipe of 50%, 60%, and
70% rubber powder content asphalts were measured, and the
stability indexes were calculated to indicate the storage abilities of

FIGURE 9 | The variation of degradation rate with the amount of rubber powder. (A) High temperature. (B) Medium temperature.

FIGURE 10 | Fluorescence images of asphalt modified by high-content activated rubber powder. (A) 50%, (B) 60%, and (C) 70%.

FIGURE 11 | Fluorescence image using IPP software. (A) Analysis principles. (B) Analysis details.
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various asphalts. The fluorescence images and stability indexes of the
three tested asphalts can be seen in Figure 12 and Table 3.

It can be seen from Figure 12 that the rubber powders
agglomerate when their content is as large as 70%, especially
in the lower segment. In Table 3, the stability index (Ist) of the
70% asphalt is the lowest among all, which shows that the rubber

powder content of 70% exceeds the optimum proportion of
modified asphalt. The rubber powder content of 60% has the
highest Ist value, and it has the best rubber powder distribution
structure. Therefore, it can be concluded that asphalt modified
by the 60% rubber powder content presents the best storage
ability.

FIGURE 12 | Fluorescence images of various modified asphalts. (A) 50% upper segment, 60% upper segment, and 70% upper segment. (B) 50% lower segment,
60% lower segment, and 70% lower segment.

TABLE 3 | Stability index of various modified asphalts (Ist).

Rubber
powder content (%)

Total area S Maximum area M Stability index Ist

Upper section Lower section Upper section Lower section

50 472,568 500,346 47,116 53,205 0.944
60 533,086 560,972 50,826 55,486 0.950
70 583,957 619,645 52,909 60,914 0.942
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DISCUSSION

Ground tire rubber can be utilized to modify asphalts in
sustainable pavement construction and provide an effective
method to diminish the effects of urban solid waste. However,
the storage problems of asphalts modified by ordinary rubber
powder restrict its further application, and the storage ability
decreases as the rubber powder content increases for the ordinary
modified asphalts.

According to this research, the storage abilities of asphalts
modified by activated rubber powder have a positive correlation
with rubber powder content, which presents a different tendency
than the asphalts modified by ordinary rubber powder. The
reasons can be explained by two main factors as follows.
Firstly, the low-content activated rubber powder can disperse
uniformly in the asphalt matrix but settles easily at the bottom of
segregation tube in heated storage conditions. This is due to the
low viscosity of asphalt caused by the existence of waste oil.
Secondly, the activated rubber powder is prepared based on the
combination of microwave treatment and waste oil pre-swelling,
which improves its compatibility and distribution properties in
the asphalt matrix.

In Figure 5, the softening-point differences of 50% and 60%
rubber powder content modified asphalts decrease over shear
mixing time. It can be concluded that the activated rubber
powders depolymerized during shear mixing and formed a
stable distribution structure. The 60% rubber powder content
asphalt presents better distribution properties compared to that
of 50%. For the 70% rubber powder content asphalt, the curve
tends to flatten after shear mixing for 2 h, which means that the
swelling process is finished in the first 2 h, and there is not enough
light component in the asphalt matrix. The rubber powder
distributed in asphalt exceeds the optimum dosage.

Based on the segregation percentage test results in Figure 6,
the best two rubber powder contents are 60% and 70% compared
with the five other groups. There is also an inflection point at 60%
content, after which the storage ability of modified asphalt has no
significant improvement.

As shown in Figure 7, the segregation index was employed to
indicate segregation level of modified asphalt. Based on Eq. 3,
asphalt modified by 60% rubber powder content has the lowest
absolute value among all, indicating that 60% rubber content has
the optimal distribution structure. In addition, the absolute value
of various modified asphalts presents an overall decreasing trend
with the increase in rubber powder content, which agrees well
with the conclusions of the softening-point difference tests.

Based on the segregation rate and degradation rate shown in
Figures 8 and 9, only the segregation rate at high temperature
presents a clear tendency for various rubber powder contents, and
60% and 70% rubber powder contents can meet the requirement
of the LAST specification. The difference among modified
asphalts cannot be differentiated significantly, and the
evaluation results have no clear correlation with the other
tests. It can be seen that the evaluation indexes are not
applicable in this study.

According to the fluorescence microscope (FM) scanning
results in Figure 10, the rubber powders in 50% and 60%

modified asphalts distribute uniformly, but for 70% modified
asphalt, rubber powder agglomeration is formed, and the
boundaries of rubber powder are not clear. In addition, the
stability indexes (Ist) of various modified asphalts were
calculated using Image Pro Plus software, and the 60% rubber
powder content has the highest Ist value among all, which
indicates that asphalt modified by 60% rubber powder content
has the best storage ability. The FM scanning results are in close
accordance with the other test conclusions.

Therefore, the activated rubber powder-modified asphalt
provides an effective method to solve the waste ground tire
problem, but the storage ability of modified asphalt needs to
be researched. In this study, 60% activated rubber powder content
is proven to have the best storage properties.

CONCLUSION

(1) The storage properties of modified asphalts have a positive
correlation with activated rubber powder content. The 60%
rubber powder content is proven to be the optimum mixing
amount, and more rubber powder cannot improve the storage
ability of asphalt significantly. The modified asphalts are in
good homogenization condition after shear mixing for 5 h.

(2) The evaluation results of softening-point difference,
segregation percentage, and segregation index are all in
good agreement with each other, but the segregation rate
and degradation rate cannot differentiate the storage ability
differences among various modified asphalts significantly.

(3) The rubber powders can distribute uniformly in the asphalt
matrix when their contents are below 60%. For the content of
70%, rubber powder agglomeration is formed, and the
boundaries of rubber powder are not clear. Based on the
quantitative morphology analysis, asphalts modified by 60%
rubber powder content have the largest stability index, which
indicates their superior storage ability. The FM analysis results
are in accordance with the conclusions of the laboratory test.

(4) The activated rubber powders have better compatibility with
asphalts and present better storage properties in asphalt
compared to the ordinary rubber powder asphalts. This
provides a promising method to solve the waste ground
tire problems.
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