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Abstract. The decay law on the ageing process of the cohesive strength of styrene-butadiene-styrene(SBS)- and
polyethylene(PE)-modified bitumens at low temperatures was investigated. The rotated-thin-film oven test was used to age
the two types of polymer-modified bitumens. The cohesive strengths at different low-temperature conditions were tested
quantitatively according to technology for testing the low-temperature cohesive strength of bitumen. The decay curve of
bitumen low-temperature cohesive strengths was drawn, and the embrittlement time of bitumen at different ageing states
was obtained according to the decay curve. Results showed that ageing time definitely influenced the attenuation degree of
the low-temperature cohesive strength of the two types of polymer-modified bitumens and influenced the appearance of
the low-temperature cohesive strength peak, i.e., the bitumen embrittlement time, which advanced after ageing. The light-
weight components of polymer-modified bitumen were lost after ageing. The bitumen embrittlement time was advanced,
and the sharp attenuation of the low-temperature cohesive strength of bitumen appeared. In the future, bitumen anti-
ageing technology and lighter part pre-supplement technology should be studied in-depth.
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Introduction

Bitumen mixture naturally cracks and loosens when the
aggregate-bitumen and mineral separate into two failure
modes. The first mode is the separation between the bitu-
men and mineral aggregates and is called adhesion failure
destruction. The second mode is the cracking of the bitu-
men mortar itself and is called cohesion failure destruc-
tion. These two types of failure modes are associated with
temperature, oil film thickness, bitumen quality, mineral
aggregate surface property and contact surface loading
mode and commonly occur in the failure process of mix-
tures (Arifuzzaman & Hassan, 2014; Falchetto, Moon, &
Wistuba, 2016; Guo, Tan & Zhou, 2014; Zheng, Zhao,
& Xiang, 2012; Zheng, Chen, & Zhao, 2014). Therefore,
when improving the low-temperature cohesive strength
of bituminous binders is necessary to enhance the anti-
cracking and anti-loose ability of mixtures.

In the process of asphalt mixture preparation, trans-
portation, paving and long-term road use, bitumen is aged
by the external environmental effects of heat, oxygen and
light. The lightweight components of bitumen, which are

aromatics and saturates, are lost during the ageing pro-
cess (Kim, Lee, Amirkhanian, 2013; Y. T. Li & L.F. Li,
& Zhang, 2010;Yut & Zotka, 2014; Zhu, Zhou, & Wang,
2014). Furthermore, the proportion of asphaltenes and
resins increases, thus making bitumen hard and brittle.
The conventional bitumen test is always used in tradition-
al research to check and analyse bitumen ageing, such as
penetration, ductility, softening point, high-temperature
viscosity and DSR. However, these factors cannot accu-
rately chek low-temperature performance, and the effects
of ageing on the pavement performance of mixtures are
estimated indirectly by traditional research, thus yield-
ing limited results for analysing low-temperature asphalt
mixture damage (Forough, Nejad & Khodaii, 2017; Krc-
marik, Vama & Kutay, 2016; Lopes, Zhao, & Chailleux,
2014; Mills-Beale, You, & Fini, 2014; Wang, Long, & Shen,
2014; Zhu et al., 2014).

In the last two years, researchers have proposed that
cohesive strength should be used as a strength index of
bituminous-binder cohesive low-temperature perfor-
mances. Cohesive strength is an vital mechanic index on
the bitumen-mineral aggregate contact surface because it
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can effectively estimate asphalt mixture low-temperature
pavement performances. Our team developed a quantita-
tive testing technology for bituminous binder low-tem-
perature cohesive strength to conduct further relevant
research. After obtaining the Chinese invention patent
authorization, this technology provided a sufficient ex-
perimental basis for relevant follow-up study (Lv, Zheng,
& Qin, 2014; Yeon, Kim, & Lee, 2014; Zheng, Zhao, &
Chen, 2013).

Literature shows that asphalt mixture low-temperature
pavement performances, particularly the low-temperature
anti-cracking anti-loosing ability, manifest different de-
grees of decline after ageing. The proposed bituminous
binder low-temperature cohesive strength index provides
an opportunity for analysing the effect of ageing on pave-
ment performance (Cerni, Cardone, & Colagrande, 2011;
Hampl, Vacin, & Jasso, 2015; Hamzah, Yee, & Golchin,
2017; Jahanbakahsh, Karimi & Tabatabaee, 2017). In this
study, the low-temperature cohesive strengths of SBS- and
PE-modified bitumens at different low temperatures and
different ageing times were tested by using the quantitative
testing technology, and the decay curve of bitumen low-
temperature cohesive strength was drawn. How ageing in-
fluences the bitumen low-temperature cohesive strength
and the mixture low-temperature pavement performance
was analysed.

1. Test

1.1. SBS-and PE-modified bitumen technical
parameters

SBS-modified bitumen is a styrene type thermoplastic
elastomer, which is a styrene-butadiene-styrene triblock
copolymer. The two-phase structure clearly shows the pol-
ystyrene and polybutadiene chains in the SBS-modified
bitumen. Polybutadiene is the continuous phase, because
polystyrene is the dispersed phase. The two-phase separa-
tion structure forms a 3D space network structure with
the bitumen matrix and becomes an SBS-modified bitu-
men after the three preparation processes, namely, swell-
ing, cutting and developing. Thus, this structure effectively
improves bitumen temperature performance, tensile prop-
erty, elasticity, cohesive adhesion property, mixture sta-
bility and ageing resistance (Gao, Zhang & Zhang, 2002;
Wang, Zhang & Zhang, 2003; Wang, Liu, & Li, 2006).
Styrene-Butadiene-Styrene-modified bitumen is the most
used variety of bitumen in research and applications be-
cause it can simultaneously improve bitumens in high and
low temperatures and because it is sensitive to temperature.

Polyethylene-modified bitumen manifests good per-
formance about flexibility, elongation and impact resist-
ance. It also has a great molecular weight (up to 300,000),
belongs to linear long-chain molecular structure, and
becomes a multi-branched dendritic structure owing to
many alkyl side chains, and methyl-branched chains. The
viscosity of the bitumen can be significantly increased
becausethe multiple branches and an irregular molecular
structure exists; the adhesion between the modified bi-
tumen and aggregate can also be improved (Fang, Li, &
Zhang, 2008; Fang, M. R. Zhang, & Z. P. Zhang, 2009;
Fang, Hu, & Zhou, 2011). Both SBS and PE are mixed
with the bitumen in an amount of 5 percent (Modarres,
2013; Nejad, Azarhoosh, & Hamedi, 2014; Zhao, Gu &
Xu, 2010). The technical limits of SBS- and PE-modified
bitumen in this study are shown in Table 1.

1.2. Polymer-modified bitumen ageing simulation

Bituminous binder indoor ageing was tested by the rotating-
the-film heating test used in bitumen rotary film heating
oven. The test temperature in the oven was 163 + 0.5 °C,
the flow of air was 4000 ml/min + 200 ml/min, and the fan
speed in the oven was 1725 r/min to make sure that the air
inside is sufficiently and uniformly heated. The oven was
preheated 16 h before the test. The bitumen mass in each
sample vial was 35 g + 0.5 g when the samples were ready.
The ageing times in this test were O h, 6 h, 18 h, 24 h and
48 h to analyse the effects of the ageing process on the cohe-
sive strength of the bituminous binder at low temperatures.

1.3. Quantitative test of bituminous binder tensile
cohesive strength at low temperatures

The study found that both the cohesion failure and adhe-
sion failure always appeared simultaneously in the pres-
ence of thin oil films on the mineral aggregate contact
surface. The conventional failure mode on the mineral
aggregate contact surface is shown in Figure 1. The re-
lationship among bituminous binder cohesive strength,
adhesion strength and tensile failure load is shown in

Eq. (1).
RS, +R.S,=F, (1)

where R, - the adhesion strength of the bituminous bind-
er at low temperatures, MPa; S, - the adhesion failure
zone area of the mineral aggregate contact surface, m%
R, - the cohesive strength of the bituminous binder at low
temperatures, MPa; S, - the cohesion failure zone area of

the mineral aggregate contact surface, m?.

Table 1. Technical limits of SBS- and PE-modified bitumen

Penetration /0.1 mm Standard Viscosity/pa.s
Bitumen species 15 °C ductility /cm Softening Point/°C
5°C 25 °C 60 °C 90 °C
SBS-modified bitumen 7.5 97.2 44.7 6246 3820
PE-modified bitumen 7.0 92.1 453 6574 4029
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Figure 1. Schematic of the tension failure test of the mineral
aggregate contact surface

Figure 2. HC-40 hydraulic force measuring device

Cohesion failure damage on the mineral aggregate
contact surface was observed where thick oil films on the
mineral aggregate contact surface exists. At this point, the
relationship between the cohesive strength of the bitu-
minous binder at low temperatures and the tensile fail-
ure load was RS, = F; the meaning of the limits in this
formula are similar to those in Eq. (1). In this case, the
bituminous binder low-temperature cohesion strength
at different states (e.g., different ageing state, different
temperatures) could be obtained on the basis of the re-
lationship between the tensile failure load and the area
of the mineral aggregate contact surface by preparing
the mineral-aggregate contact surface test pieces, which
have uniform bitumen film thickness. The test pieces were
prepared with an oil film thickness of 0.25 mm. The size
of the specimen surface is 1.5x1.5 cm. The bituminous
binder low-temperature cohesive strength was tested at
different temperatures (i.e., -5 °C, -10 °C, -15 °C, -20 °C
and -25 °C) and different ageing times (i.e., 0 h, 6 h, 18 h,
24 h and 48 h). The test equipment is shown in Figure 2,
and the test process is shown in Figure 3.

2. Test results and discussion

2.1. Test results on the low-temperature cohesive
strength of SBS- and PE-modified bitumen

The low-temperature cohesive strengths of the two types
of polymer-modified bitumens were tested in this research
at different ageing statuses and different temperatures by
using the abovementioned test methods. The amount of
test sample during the testing process was increased to

Preparation of the test mode

Application of the tensile failure load

. ;FJH i “( |

Figure 3. Quantitative test for the low-temperature cohesive
strength of bitumen

improve the accuracy of the test and the reliability of the
test results. Each test consisted of 12 parallel trials. The
average data after excluding individual large discrete data
were obtained. The test results of the cohesive strengths of
the two polymer-modified bitumen at low temperatures
are shown in Tables 2 and 3.

2.2. Effects of ageing on the cohesive strength values
of bitumen at low temperatures

The effects of ageing on bitumen low-temperature co-
hesive strength at different temperature conditions are
shown in Figures 4, 5, 6, 7 and 8. Bitumen is a tempera-
ture-sensitive material and has necessary mechanical pa-
rameters that often manifest essential relationships with
temperature. Therefore, the correlation analysis of the
effects of ageing should be combined with the tempera-
ture reason. Bituminous binder low-temperature cohe-
sive strength was enhanced by the ageing effect at -5 °C
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Table 2. Test results of the low-temperature cohesive strength
of the SBS-modified bitumen at different ageing states

Table 3. Test results of the low-temperature cohesive strength
of the PE-modified bitumen at different ageing states

Bitumen | Temperature, | Tensile failure | Tensile cohesive Bitumen | Temperature, | Tensile failure | Tensile cohesive
ageing state °C load, kN strength, MPa ageing state °C load, kN strength, MPa
-5 0.28 1.25 -5 0.37 1.64
-10 0.45 2.00 -10 0.47 2.07
0h -15 0.50 2.22 0h -15 0.48 2.14
-20 0.33 1.45 -20 0.30 1.35
-25 0.22 0.97 -25 0.20 0.89
-5 0.32 1.44 -5 0.39 1.72
-10 0.43 1.92 -10 0.45 1.99
6h -15 0.45 1.98 6h -15 0.47 2.09
-20 0.27 1.20 -20 0.25 1.13
-25 0.20 0.90 -25 0.18 0.82
-5 0.37 1.64 -5 0.40 1.79
-10 0.42 1.87 -10 0.44 1.97
18 h -15 0.28 1.23 18 h -15 0.22 0.99
-20 0.21 0.92 -20 0.16 0.72
-25 0.16 0.69 -25 0.14 0.62
-5 0.41 1.83 -5 0.43 1.93
-10 0.42 1.85 -10 0.44 1.95
24 h -15 0.24 1.07 24 h -15 0.19 0.84
-20 0.18 0.82 -20 0.14 0.62
-25 0.12 0.55 -25 0.09 0.41
-5 0.48 2.12 -5 0.48 2.15
-10 0.34 1.50 -10 0.36 1.58
48 h -15 0.19 0.84 48 h -15 0.15 0.69
-20 0.14 0.62 -20 0.09 0.41
-25 0.09 0.42 -25 0.06 0.27

such that the cohesive strength of the SBS-modified
bitumen was 1.25 MPa at -5 °C; the cohesive strength
was 1.64 MPa after ageing for 18 h and 2.12 MPa after
48 h. However, the ageing effect caused the bitumen low-
temperature cohesive strength attenuated when the tem-
perature ranged from -5 °C to -25 °C. The attenuation
amplitude of the bituminous binder low-temperature
cohesive strength was different at different low-tempera-
ture conditions. After ageing for 48 h, the SBS-modified
bitumen low-temperature cohesive strength attenuated
by 25.0%, 62.2%, 57.2% and 56.7% at -10 °C, -15 °C,
-20 °C and -25 °C, respectively. The PE-modified bi-
tumen low-temperature cohesive strength attenuated
by 23.7%, 67.9%, 69.6% and 69.2% at -10 °C, -15 °C,
-20 °C and -25 °C, respectively. By this analysis, the age-
ing effect could increase the bituminous binder cohesive
strength only at a small temperature range (e.g., from
0 °C to -5 °C). In most low-temperature environments,
the ageing effect of the bituminous binder significantly
effects the attenuation of the bituminous binder low-
temperature cohesive strength.
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Figure 4. Change law of the two types of bitumen
low-temperature cohesive strength after ageing for 0 h

2.3. Effects of ageing on the peak time of bitumen
low-temperature cohesive strength

According to the decay law of SBS- and PE-modified bitumen
low-temperature cohesive strengths under the ageing and
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Figure 5. Change law of the two types of bitumen
low-temperature cohesive strength after ageing for 6 h
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Figure 7. Change law of the two types of bitumen
low-temperature cohesive strength after ageing for 24 h

temperature coupling effects (Figures 9 and 10), the low-tem-
perature cohesive strengths of the SBS- and PE-modified bitu-
mens manifest differences at different temperature conditions.
However, the decay law of the two low-temperature cohesive
strength is fundamentally similar. Figures 9 and 10 show that
the low-temperature cohesive strengths of the original and
modified bitumens after ageing for 6 h peaks at -15 °C and
-10 °C after ageing for 18 h and 24 h. The low-temperature
cohesive strength of the two types of bitumen presents a single
attenuation trend with no peak after ageing for 48 h.

The above analysis indicated that the ageing effect
not only influenced the extent of the bituminous binder
low-temperature cohesive strength but also gradually ad-
vanced the peak temperature time. The law in the figures
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Figure 9. Influence of the ageing effects on the peak time
of SBS-modified bitumen low-temperature cohesive strength
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Figure 6. Change law of the two types of bitumen
low-temperature cohesive strength after ageing for 18 h
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Figure 8. Change law of the two types of bitumen
low-temperature cohesive strength after ageing for 48 h

showed that bitumen low-temperature cohesive strength
always decays rapidly after the bitumen cohesive strength
peak occurs; thus, the bitumen low-temperature cohesive
strength peak time is also considered the temperature time
when bitumen material embrittlement occurs. The effects
of the embrittlement temperature time on bitumen pave-
ment performance at low temperatures were advanced and
unfavourable. Binder low-temperature cohesive strength
and mixture anti-cracking significantly decreased because
of the embrittlement effects. This decrease was followed by
low-temperature pavement damage. Thus, thow the ageing
effect influences the bitumen embrittlement effects should
be given enough attention when analysing the influence
of the ageing effect on bitumen pavement performances.

—_ — (¥ =]
< w (=] ]

strength of asphalt, MPa
2
w

—+—(0h—®— 6 h—¢—18 h—¥—24 h—e—48h

0™ -20 -15 -10 -5
Test temperature,°C

Low-temperature cohesive

Figure 10. Influence of the ageing effects on the peak time
of PE-modified bitumen low-temperature cohesive strength
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2.4. The influence comparison between temperature
and ageing time on bitumen cohesive strength

In this paper, the test mainly determines the cohesive
strength of two kinds of modified asphalt thick oil films
under different low-temperature conditions and different
ageing time. The grey system incidence theory is used to
calculate the gray relational degree of ageing time and
temperature (factors) on the cohesive strength of bitumen
thick film (reference item). Let X, = {X|, (1), X, (2), ..., X,
(n)} be the reference sequence. Let X; = X; (1), X; (2), ...,
X;(n)} be the comparison sequence. The series above will
be processed according to Equations (2)-(5).

Yy ={Y, (1), Y,(2), %3), ... Yo(n)}=

Xo(1)  X,(2) X, (n) @)
X—O:{X0(1)+X0(2)+1)V(0(3)+...+Xi(n)}) )
Y, ={Y,(1), 2), ,0), ... Y;(n)}=

{Xf_w, 5O w}, "

X, X X;
Z:{Xi(1)+Xi(2)+1)\(’i(3)+...+Xi(n)}, 5)

The formula is shown in Eq. (6), where §; (k) - the
correlation coeflicient; { — the resolution coefficient, and
its value is 0.5.

g (k) =[mjnrr1](in|YO(k)—l/i(k)|+gmaxml?x|Y0 (k)—Y,.(k)ﬂx

-1
DYO(k) ~Y, (k)| + gmiaxml;ax|Y0(k) -y, (kﬂ . (6)

The relational degree vy, is shown in Eq. (7).
1 on
A OIC) @)

The reference and the comparison consequences are
extracted from Table 2 corresponding to the SBS-modified
bitumen and from Table 3 corresponding to the PE-modi-
fied bitumen. The data extracted is shown in Table 4.

The data in Table 3 should be substituted into the
Equations (2)-(5), The grey relational degrees of two fac-
tors on the reference item of two kinds of modified bitu-
men can be calculated as shown in Table 5.

It can be seen that the temperature and time influence
the cohesive strength of bitumen similarly. The data shows
that the relational degree of temperature is slightly higher
than the correlation of ageing time, which shows that the

temperature influences the bitumen cohesive strength
slightly higher than the ageing time.

2.5. Discussion of the active mechanisms of ageing

How ageing effect influences bituminous binder low-tem-
perature cohesive strength should be analysed from the
angle of bitumen component characteristics. Local and
foreign studies have shown that bitumen components can
be analysed by using the four- or five-component meth-
od. The four-component method is more commonly used
than the five-component approach. In the four-compo-
nent method, the bituminous binder is a mixture of four
components, namely asphaltene, glial, aromatic phenols
and saturated phenols. The components of the SBS-mod-
ified bitumen are separated by using the part separation
technique by the four-component analysis method. The
separation results are shown in Figure 11. In the four-
component bitumen, the asphaltene and glial contents are
relatively large and significantly affect the high-tempera-
ture properties of bitumen. Aromatic phenols and saturat-
ed phenols are relatively little but exert significant effects
on the low-temperature properties of bitumen.

The light components (e.g., aromatic phenols and
saturated phenols) were volatilized during the bitumen
ageing process. A significant relationship was found be-
tween the volatile content and ageing time, i.e., a longer
ageing time corresponds to the increased volatilization of
light components. The percentage content of asphaltene
and glial in bitumen increased after the light components
volatilized and then exhibited adverse effects on bitumen
low-temperature cohesive strength after the light compo-
nents were reduced. The test results show that bitumen
cohesive strength have different degrees of reduction at
temperature conditions of -10 °C, -15 °C, -20 °C and

Table 4. The reference and comparison sequences of modified

bitumen
Styrene-Butadiene-Styrene
Cohesive strength | 0.97 | 1.2 | 1.23 | 185 | 2.12
Ageing time, h 0 6 18 24 48
Temperature, °C -25 -20 -15 -10 -5
Polyethylene
Cohesive strength | 0.89 | 1.13 | 0.99 | 1.95 | 2.15
Ageing time, h 0 6 18 24 48
Temperature, °C -25 | =20 | -15 | -10 -5

Table 5. The grey relational degree of factors on the reference
item of modified bitumen

Modified bitumen
Factor Styrene-Butadiene-
Styrene Polyethylene
Ageing time, h 0.630378854 0.686360238
Temperature, °C 0.638492806 0.707009023
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Figure 11. Bitumen four-component separation results

-25 °C in addition to -5 °C. At -5 °C, the bitumen co-
hesive strength exhibited an increasing trend at bitumen
mild freezing conditions. The hardness of the bitumen in-
creased because of the increased bitumen viscosity after
ageing and because the low-temperature environmental
effect is not clear.

The influence mechanism of the ageing effect at the
time when the bitumen low-temperature cohesive strength
peaks should be analysed from the angle of the bitumen
four-component glass transfer temperature. Each of the
four substances has its glass transfer temperature. Re-
searchers have already tested the glass transition tem-
peratures of the four components by using the differential
scanning calorimeter (DSC). The glass transition tempera-
ture of the four components was obtained by the differ-
ential scanning curves of the four components. The test
results showed that the glass transition temperatures of
saturated phenols, aromatic phenols, and asphaltene were
-38.72 °C, -33.63 °C and 58.12 °C, respectively. The glass
transition temperature of glial was higher than that of
asphaltene. Further analysis based on the apparent glass
transition temperature of each part shows that the bitu-
men macro-brittle transition temperature was definitely
affected by the different proportions of the four compo-
nents, i.e., the time when the bitumen low-temperature
cohesive strength peaks.

With the light components evaporation in the bitumen
ageing process, the percentage of aromatic phenols and sat-
urated phenols decreased and the percentage of asphaltene
and glial increased. Therefore, the material content with the
high glass transition temperature increased, and the mate-
rial content with the low glass transition temperature de-
creased. This situation will increase bitumen macro-brittle
temperature. By the above analysis, the results of this study
showed that the macro-brittle temperature of the original
bitumen and that of the bitumen after ageing for 6 h is
-15 °C and that for bitumen after ageing for 18 h and 24 h
was 10 °C. In conclusion, no peak attenuation of the bitu-
men occurs after ageing for 48 h and bitumen macro-brittle
temperatures higher than —10 °C were reasonable.

Conclusions

This study was based on the film ageing test, which aged
the SBS- and PE-modified bitumen at different periods. A
quantitative test for the low-temperature cohesive strength
of the above mentioned bitumen at different temperature
conditions was designed and conducted. The following
conclusions were drawn on the basis of the findings of
this study.

1. The low-temperature cohesive strength of the two
types of polymer-modified bitumen attenuated after
ageing in the temperature range of -10 °C to -25 °C.
Specifically, after ageing for 48 h, the mean attenu-
ation of the two types of bitumen low-temperature
cohesive strength was 24.35% at -10 °C, 65.05% at
-15°C, 63.4% at -20 °C and 62.95% at -25 °C.

2. At -5 °C, the bitumen cohesive strength manifests
an increasing trend at the bitumen mild freezing
condition and its hardness increases because of the
increased bitumen viscosity after ageing and the un-
clear low-temperature environmental effect.

3. The low-temperature cohesive strength of the two
types of bitumen shows differences at different tem-
perature conditions, but the decay law of the two
low-temperature cohesive strength is the same. The
low-temperature cohesive strength of the original
bitumen and the modified bitumen after ageing
for 6 h peaked at -15 °C and -10 °C after ageing
for 18 h and 24 h. The low-temperature cohesive
strength of the two types of bitumen presented a
single-trend attenuation with no peaks after ageing
for 48 h.

4. With reference to the grey system incidence theory,
the reference consequences and comparison conse-
quences extracted from the raw data are analysed
and calculated. It is found that both the tempera-
ture and the ageing time has great influence on the
adhesive strength of the modified bitumen thick oil
film. The data shows that the effect of temperature
on the tensile strength of bitumen is slightly greater
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than the effect of ageing time. However, in the study
of bitumen low-temperature tensile strength, both
two factors should be taken seriously.

5. While the light components evaporated in the bitu-
men ageing process, the percentage of asphaltene
and glial in the bitumen increased, thus prompting
the bitumen to produce brittle characteristics and
adversely affecting the bitumen low-temperature co-
hesive strength in the temperature range of -10 °C
to —25 °C. At the same time, owing to the increased
percentage content of the material (asphaltene and
glial) with the high glass transition temperature and
decreased percentage content of the material (aro-
matic phenols and saturated phenols) with the low
glass transition temperature, the bitumen macro-
brittle transition temperature increased such that
the embrittlement reaction of the bitumen binder
occurred at a relatively high temperature. This phe-
nomenon resulted in the severe attenuation of the
low-temperature cohesive strength and affected the
low-temperature anti-cracking of the asphalt mixture.
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