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Abstract: The purpose of this paper, based on the amount of ultraviolet (UV) radiation in different
areas of China, was to give the corresponding measures to prevent UV aging of asphalt. In this
paper, based on the average annual amount of UV radiation in China in the past 30 years and the
characteristics of UV aging of asphalt, the climatic zoning of UV radiation of asphalt in China was
proposed. A variety of base asphalts and styrene-butadiene—styrene block copolymer (SBS) modified
asphalts were selected to carry out a UV radiation test, and the relationship between UV radiation
amount and viscosity, low-temperature performance, and the rheological properties of asphalt were
studied. The equivalent aging indexes of asphalt during UV radiation were selected, the UV aging
equation of asphalt was proposed, and the equivalent UV aging relationship among different UV
climate zones was established. The prevention and control strategies of UV aging of asphalt among
different zones were proposed, and the above theory was verified using a trial road. The main
conclusions in the paper are presented: The climate zoning of asphalt UV radiation in China can be
divided into three zones: zone I with an annual UV radiation less than or equal to 69.4 kW-h/m? in
the last 30 years; zone II with an annual UV radiation of 69.4~81.4 kW-h/ m? in the last 30 years; zone
[T with an annual UV radiation more than or equal to 81.4 kW-h/m? in the last 30 years. The greater
the amount of UV radiation, the greater the loss rate of penetration and ductility. For the same kind
of asphalt, there is a relatively stable functional relationship between the loss rate and the amount
of UV radiation. The results also show that UV radiation changes the proportion of viscous and
elastic components in asphalt, showing that the proportion of viscous components decreases and the
proportion of elastic components increases. The penetration loss rate and ductility loss rate of asphalt
can be used as equivalent UV aging indexes of asphalt. Under the same outdoor UV irradiation
time, for asphalt to achieve the same technical performance as zone I, the anti-UV ability of zone II
needs to be improved by more than 5%, and that of zone III needs to be improved by more than 10%.
Engineering practice has proved that the zoning established in this paper and the corresponding UV
control measures are basically reasonable.

Keywords: ultraviolet rays; ultraviolet climate zoning; asphalt; UV aging law; equivalent aging
indexes of asphalt; prevention and control strategy

1. Introduction

The anti-aging performance of asphalt and asphalt mixture is an important factor
affecting the service quality and service life of asphalt pavement. The aging process and
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degree of asphalt in different structural layers of asphalt surface course are quite different,
among which the aging of upper layer asphalt is the most serious [1,2]. The external
temperature and traffic load on the pavement can be shared by each structural layer of
asphalt pavement, but solar radiation, as a natural energy source, can only be borne by the
surface layer of asphalt pavement alone [3,4]. Although the direct effect of UV radiation is
on the asphalt surface, considering the diffusion of asphalt molecules after aging and the
existence of asphalt pavement voids, the actual effect of UV radiation on the asphalt surface
can reach about 1 cm [5]. UV aging results in an increase in low-temperature stiffness
of surface asphalt mixture, from which it is very easy to produce temperature shrinkage
cracking, thus increasing the depth of UV incidence. Coupled with the influence of rain
and snow, the pavement condition can further deteriorate, which seriously affects the
durability of the pavement [6]. Therefore, the aging effect of asphalt pavement materials
caused by UV radiation cannot be ignored.

UV aging is a type of long-term aging in the process of asphalt pavements. At present,
the evaluation indexes and methods for the anti-UV aging performance of asphalt are
mainly as follows:

e  Evaluation method based on penetration, ductility, mass loss, and other indicators
after UV aging [7-9];

Evaluation method based on rheological property index [10-15];

Evaluation method based on whole section fracture energy index [16,17];
Evaluation method based on asphalt colloidal structure component index [18,19];
Evaluation method based on molecular dynamics index [20].

UV aging has a significant effect on the physical and rheological properties of base
asphalt and modified asphalt. The changes in asphalt components directly affect the physical
properties of asphalt, and there is a good corresponding relationship between the proportion
of soft and hard components and rheological indexes. The differences of chemical components
in asphalt leads to different degrees of aging reaction. Aromatic components and gum are the
main factors affecting the anti-ultraviolet aging ability of asphalt [21].

The impact of UV radiation on an asphalt pavement mainly occurs in the surface layer.
Therefore, the anti-UV aging methods for asphalt pavements mainly focus on two aspects:
one is to improve the anti-UV aging performance of asphalt materials [22-27], and the other
is to pave, coat, or spray anti-UV aging materials on the upper layer of asphalt pavement,
thus improving the anti-UV aging ability of the upper layer [28-34]. Studies have found
that the UV aging mechanism of asphalt can be explained by the aging mechanism of
polymer materials. Therefore, the anti-UV aging methods of polymer materials are also
used for reference in the improvement of asphalt UV aging [35,36].

High polymer materials usually add a certain amount of anti-aging agent to improve
thermal-oxidative aging and UV aging, such as using TiO2 to improve the UV stability
of PVC, adding light shield agent in PVC film to improve its UV aging resistance, or
adding hindered amine light stabilizer and antioxidant to improve the UV stability of
polymer [37—41]. At present, the research on the improvement measures of UV aging of
asphalt is mainly focused on the anti-UV aging modification of asphalt materials.

There are great differences in the intensity of UV radiation in different areas. Therefore,
it is important to choose the corresponding UV prevention and control measures according
to the intensity of UV radiation. However, the UV aging of asphalt has not been included in
the material design index in the relevant specifications of China, and the relevant researches
are mostly carried out for local areas.

In a word, as far as China is concerned, there are still some problems in the research
and prevention of asphalt UV aging.

e  Theinfluence of UV radiation on asphalt has not been expressed uniformly and clearly, and
there is no standard test method for the UV aging of asphalt in the current specification;
There is a lack of practical climate zoning for asphalt UV radiation;

The equivalent relationship of asphalt UV aging between different UV radiation areas
has not been established;
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e There is a lack of anti-UV aging prevention methods for asphalt in different UV
radiation areas.

Therefore, it is urgent and meaningful to put forward the corresponding zoning for
asphalt UV aging in China and the corresponding prevention measures and prevention
standards for different zones. The purpose of this paper is to solve the above four problems,
and then to achieve the climate zoning for asphalt UV radiation.

On the basis of the above research status, in order to provide reasonable prevention
and control measures for asphalt UV aging in different areas of China, based on the average
annual UV radiation amount in China in the most recent 30 years and the characteristics of
asphalt UV aging, this paper puts forward the climatic zoning of asphalt UV radiation in
China. A variety of base asphalts and styrene-butadiene-styrene block copolymer (SBS)
modified asphalts were selected to carry out an UV radiation test, and the relationship
between UV radiation amount and viscosity, low-temperature performance, and rheological
properties of asphalt were studied. The equivalent aging indexes of asphalt during UV
radiation were selected, the UV aging equation of asphalt was proposed, and the equivalent
UV aging relationship among different UV climate zones was established. The prevention
and control strategies of UV aging of asphalt among different zones was proposed, and the
above theory was verified using a trial road. The research results can provide necessary
technical support for improving the durability of asphalt pavements in China.

2. Climate Zoning of Asphalt UV Radiation in China

China is a vast country with uneven distribution of UV radiation. It is well known
that UV radiation comes from sunlight. The duration of sunlight and the total amount
of solar radiation play a decisive role in the amount of UV radiation. In addition, it is
also related to the absorption of UV radiation by ozone in the atmosphere when sunlight
passes through the atmosphere. Therefore, the distribution of UV rays in the territory
of China is very complex due to the comprehensive effects of various factors. Figure 1
shows the distribution of average annual illumination duration in China in the most recent
30 years [42,43].
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Figure 1. Distribution of annual average sunshine duration (h) in China from 1990 to 2020 [42,43].

The region with the shortest sunshine duration in China is in the Sichuan Basin, and
the region with the longest sunshine duration is in the Qinghai-Tibet Plateau. The sunshine
duration in the east is generally shorter than that in the northwest, but the sunshine
duration is not equal to the distribution of solar energy resources and is also related to the
climate conditions, such as cloud thickness. Figure 2 shows the distribution of annual total
solar radiation in China in the most recent 30 years [42,43].
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Figure 2. Distribution of annual total solar radiation (MJ/ m?) in China from 1990 to 2020 [42,43].

Figure 2 shows that the distribution of solar radiation in China is closely related to
the duration of sunshine. The Sichuan Basin is still a depression of solar radiation, while
the Qinghai-Tibet Plateau is a highland of solar radiation. Except for the northwest of
Xinjiang, the level of solar radiation increases gradually from the east to the west, and
the northern region is generally greater than the southern region. This is contrary to the
rule that solar energy changes with latitude, and the reason is due to there being more
cloud and rainy weather in the south. The amount of UV radiation on the road generally
accounts for 5~8% of the solar energy resources, and the proportion varies according to
different climate conditions. The Wind and Solar Energy Resources Center of China divides
China’s UV radiation into five zones. According to the annual total amount of UV radiation,
this is 334~420 MJ/m? in zone 1, 293~334 MJ/m? in zone 2, 250~293 MJ/m? in zone 3,
210~250 MJ/m? in zone 4, and 167~210 MJ/m? in zone 5. Converted into kwh/m?, this is
92.8~116.7 kW-h/m? for zone 1, 81.4~92.8 kW-h/m? for zone 2, 69.4~81.4 kW-h/m? for
zone 3, 58.4~69.4 kW-h/m? for zone 4, and 46.4~58.4 kW-h/m? for zone 5 [42].

According to the law of the influence of UV radiation on asphalt aging performance,
the effect of UV radiation on asphalt aging in zones four and five is not very different,
so these are combined into one large area in this paper. In addition, since zone 1 and
zone 2 occupy a small area, and these are located on the Inner Mongolia grassland and
the Qinghai-Tibet Plateau, the population density of the above areas is relatively small,
and the highway density is not large, so zone 1 and zone 2 are combined into a large UV
irradiation zone in this paper. Based on the above principles, the climate zones of asphalt
UV irradiation in China are proposed as:

Zone I: the annual UV radiation in the most recent 30 years is not more than or equal
to 69.4 kW-h/m?;

Zone 1II: the annual UV radiation in the most recent 30 years is 69.4~81.4 kW-h/ mZ;

Zone III: the annual UV radiation in the most recent 30 years > 81.4 kW-h/ m?2.

According to the above zoning method, the climate zoning map of asphalt UV radia-
tion in China is shown in Figure 3.
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Figure 3. Climatic zoning of asphalt UV radiation in China (I/II is the boundary between zone I and
zone II; II/III is the boundary between area II and area III).

3. UV Aging Law of Asphalt
3.1. Test Scheme

One of the key contents of this research was to reveal the aging rule of asphalt under
UV radiation. In this paper, the viscosity, low-temperature, and rheological properties of
various asphalt were tested under different UV radiation levels.

3.1.1. Test Conditions

In this paper, asphalt light aging test chamber YXW-1B was used. By changing the
light source system and power of the UV lamp, five different UV irradiances, such as
31.5W/m?, 63 W/m?, 945 W/m?, 126 W/m?, and 157.5 W/m?, were obtained. The main
peak value of the spectrum was 365 nm. Relevant studies have shown that the amount of
UV aging of asphalt is related to the amount of UV radiation it receives, while the effect of
irradiance is not so significant. Therefore, in order to shorten the test time, 157.5 W/ m?2
was selected as the UV radiation intensity in this paper [11,13]. Relevant studies show that
the temperature has little effect on the UV aging of asphalt within 80 °C [13,19,25]. In order
to facilitate the test operation, the test temperature was selected as 60 °C. The test time
wasOh,24h,48h,72h,96h, 120 h, 144 h, 168 h, and 192 h. During the test, the asphalt
film was controlled in the range of 200~500 um by controlling the amount of asphalt in a
smooth and flat container.

3.1.2. Raw Materials

The grades of base bitumen widely used in China are 50%, 70*, 90*, and 110*, while
95% of the modified asphalt market is occupied by SBS modified asphalt, and the common
SBS modified asphalt grades are SBS I-C and SBS I-D. Based on this, this paper selected
50%, 70%, 90*, and 110* base asphalt (all A-grade asphalt), as well as SBS I-C and SBS I-D
modified asphalt as test raw materials, and the technical indexes are shown in Table 1.
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Table 1. Technical parameters of asphalt used in this paper.
Asphalt
Technical Parameters Spha
50 70* 90* 110* SBSI-C  SBSI-D

Penetration at 25 °C, 0.1 mm 53.8 68.5 91.7 109.2 72.7 55.1
Softening point, °C 50.3 474 46.3 43.8 66.3 71.5
Ductility at 10 °C, cm 18.7 27.5 34.6 46.9 E— _
Ductility at 5 °C, cm _ 35.3 27.8
Mass Change, % 0.5 0.45 0.67 0.71 0.87 0.73
1 Residual penetration ratio at 25 °C, % 71.1 68.9 66.5 62.3 75.8 71.3
RTFOT Residual ductility at 10 °C, cm 7.6 9.1 102 134 — —
Residual ductility at 5 °C, cm —_ 25.3 19.7

1 RTFOT: Rolling Thin Film Oven Test.

3.1.3. Test Design

Under the test conditions of Section 3.1.1. The indexes such as penetration, softening
point, and ductility of different asphalts under different UV aging time were tested, and
the rheological indexes of asphalts were tested by using Dynamic Shear Rheometer.

3.2. Analysis of Test Results

3.2.1. Penetration, Softening Point and Ductility

Penetration is an important index to reflect the viscosity of asphalt. It is generally
considered that with the deepening of aging degree, the penetration of both base asphalt
and modified asphalt decreases in varying degrees, and the reduction of penetration is
usually considered as an effective index to reflect the aging degree of asphalt. Figure 4
shows the asphalt penetration (25 °C) at the UV irradiation intensity of 157.5 W/m? under
different UV irradiation times. Figure 5 shows the penetration loss rate of asphalt under
different UV irradiation times.
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Figure 4. The penetration of asphalt with different UV irradiation time.
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Figure 5. The penetration loss rate of asphalt with different UV irradiation time.

With the extension of UV irradiation time, the penetration of asphalt obviously de-
creased. From the point of decline, the lower the asphalt grade, the greater the decrease
in penetration, but the absolute value of decrease was not very high. The decrease in
penetration of SBS modified asphalt was obviously smaller than that of base asphalt, which
shows that the anti-UV performance of SBS modified asphalt was better than that of base
asphalt. In addition, the decrease in penetration of SBS I-D was lower than that of SBS I-C.

Generally, 87.21% of the temperature interval between the dropping point and the
hardening point was taken as the softening point. Soft point is generally considered as an
indicator of the thermal stability of asphalt materials, and also a measure of the conditional
viscosity of asphalt. Relevant data show that UV radiation can increase the softening
point of asphalt [7-9]. In this paper, the ring and ball method was used to determine the
softening point. Figure 6 shows the asphalt softening point at the UV irradiation intensity
of 157.5 W/m? under different UV irradiation times. Figure 7 shows the softening point
loss rate of asphalt under different UV irradiation times.

75
70 ° ° ° ° ° ° L] °
65 *
o
60
s
9] ‘ &
a. 55 + I a3 ¥
£ S T T .
£ 50 X
& X X 504 X704
o +
o 45 +90# 110#
® SBSI-C = SBSI-D
40
0 24 48 72 96 120 144 168 192

UV irradiation time, h

Figure 6. The softening point of asphalt with different UV irradiation time.
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Figure 7. The softening point loss rate of asphalt with different UV irradiation time.

With the extension of UV irradiation time, the softening point of asphalt increased
gradually. With the gradual increase in asphalt grade, the increase in softening point was
larger, but the absolute value of increase was relatively small. The absolute decrease in the
softening point of SBS modified asphalt was obviously smaller than that of base asphalt,
which indicated that the anti-UV performance of SBS modified asphalt was better than
that of base asphalt, and the increase in softening point of SBS I-D was lower than that of
SBS I-C. In addition to high-grade base asphalt, the differentiation of softening point in the
process of UV radiation was not very large, and the testing error in the process of softening
point experiment made it more difficult to blur the differentiation, so the softening point
index was not suitable as an index to evaluate the UV aging performance of asphalt.

Asphalt ductility is the total ability of the plastic deformation that the asphalt can
bear when it is stretched by external forces, and it is a measure index of the cohesion of
asphalt. The ductility of asphalt is closely related to the rheological properties of asphalt.
In engineering, ductility is generally used as an important index of the low-temperature
performance of asphalt, and its value is closely related to the low-temperature crack
resistance of asphalt pavement. Figure 8 shows the asphalt ductility at the UV irradiation
intensity of 157.5 W/m? under different UV irradiation times. Figure 9 shows the ductility
loss rate of asphalt under different UV irradiation times.
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Figure 8. The ductility of asphalt with different UV irradiation time (the test temperature of base
asphalt is 10 °C while that of SBS modified asphalt is 5 °C).
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Figure 9. The ductility loss rate of asphalt with different UV irradiation time (the test temperature of
base asphalt is 10 °C while that of SBS modified asphalt is 5 °C).

With the extension in UV irradiation time, the ductility of asphalt decreased gradually.
The grade of base asphalt had little effect on the ductility loss rate. For SBS modified
asphalt, when the UV irradiation time was within 24 h, the loss rate of the ductility of
SBS modified asphalt was basically equal to that of base asphalt. However, when the
UV irradiation time was over 24 h, the absolute decrease in the ductility of SBS modified
asphalt was significantly smaller than that of matrix asphalt, although the test temperature
of this data was only 5 °C. This suggests that that the anti-UV performance of SBS modified
asphalt was better than that of base asphalt. In addition, the decrease of ductility of SBS
I-D was lower than that of SBS I-C.

In the process of UV radiation, the light components in asphalt, such as aromatics,
volatilize, resulting in the loss of asphalt quality, so the mass loss rate is generally used as
an index to evaluate the aging degree of asphalt. Figure 10 shows the asphalt mass loss
rate at the UV irradiation intensity of 157.5 W/ m? under different UV irradiation times.

1.8
1.6
1.4
1.2

W/K

0.8

Mass loss rate, %

0.6 —x—50# —— 704
0.4 90# 1104
02 —e—SBSI-C ~ —=—SBSI-D
0
0 24 48 72 9% 120 144 168 192

UV irradiation time, h

Figure 10. The mass loss rate of asphalt with different UV irradiation time.

Figure 10 shows that, with the extension of UV aging time, the mass loss of asphalt
basically presented a gradually increasing trend, which reflected the aging degree of
asphalt from one side. However, due to the large error in the data acquisition process of
this experiment, generally, the data were more inclined to be used for qualitative research.

3.2.2. Rheological Properties of Asphalt

The dynamic shear rheometer (DSR) developed by the Strategic Highway Research
Program comprehensively considers the influence of loading condition and temperature
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on asphalt performance, and determines the complex modulus (G*), Phase Angle (5), and
Rutting Factor (G*/Sin 0) that were used to evaluate the high-temperature performance of
the asphalt. In this paper, the dynamic shear rheometer was used to test the rheological
properties of asphalt under different UV irradiation times (0 h, 48 h, 96 h, 144 h, and 196 h).
The irradiation intensity was 157.5 W/m?, and the test temperature range was 40~76 °C.
G*, 5, and G*/sin 6 of asphalt were measured. Figure 11 shows the G* and 6 of different
asphalts under different UV irradiation times and temperatures. Figure 12 shows the
G*/sin 6 of different asphalts under different UV irradiation times and temperatures.
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Figure 11. G* and $ of different asphalts under different UV irradiation times and temperatures: (a) 50*; (b) 70%; (c) 90%;
(d) 110%; (e) SBS I-C; (f) SBS I-D.
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Figure 12. G*/sind of different asphalts under different UV irradiation times and temperatures: (a) 50%; (b) 70%; (c) 90%;
(d) 110*; (e) SBS I-C; (f) SBS I-D.

Figure 11 shows that the G* increased and b decreased with increasing UV aging time.
The elastic component of the asphalt response became more dominant and the viscous
component less dominant with UV aging. Figure 12 shows that the longer the UV irradiation
time, the bigger the G*/sin 6 of asphalt at the same scanning temperature. Relevant studies
show that G*/sin 6 can be used to evaluate the rutting resistance of asphalt, and the higher
the value is, the better the rutting resistance of asphalt will be [13-15]. Of course, the change
in anti-rutting performance was only one of many performance changes. The magnitude of
the change also indirectly indicates the aging effect of UV on asphalt. In fact, in addition to
the anti-rutting performance, the durability and anti-fatigue performance of asphalt are also
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very important, and relevant research reports show that ultraviolet radiation is not conducive
to the durability and anti-fatigue performance of asphalt [13,15].

By comparing the change law of G*/sin § of different asphalt after UV irradiation, it
is not difficult to find that the higher the asphalt grade, the smaller the G*/sin 6 value at
the same scanning temperature, and the worse the high-temperature performance. This
law was applicable to any scanning temperature in the process of the experiment. In terms
of G*/sin 6 values, SBS modified asphalt was much higher than base asphalt under the
same UV irradiation time and scanning temperature, indicating that the high-temperature
performance of SBS modified asphalt under the same UV irradiation condition was much
higher than that of base asphalt.

By summarizing the rheological properties of asphalt in the process of UV radiation,
it can be concluded that UV radiation changes the proportion of viscous components and
elastic components in asphalt. The specific performance is that the proportion of viscous
components decreases and the proportion of elastic components increases, which leads to
the change in the asphalt’s high-temperature resistance to permanent deformation. With
the increase in UV radiation, the magnitude of the change is greater.

4. UV Prevention Strategies Based on Aging Equivalence Relationships
4.1. Selection of Aging Equivalent Index

The mechanism of UV aging and the thermal oxygen aging of asphalt are similar,
caused by the volatilization of light oil in asphalt, the transformation of light oil to resins,
and the transformation of resins to asphaltene [43—45]. However, the two aging methods
are not exactly the same. Asphalt has different sensitivities to thermal aging and ultraviolet
aging condition. The ultraviolet aged asphalts compositors in penetration, softening point,
and ductility tests do not accord with thermally aged asphalts. Ultraviolet aging and
thermal aging influence asphalt in different ways: rheological property changes greatly
after ultraviolet aging [21]. Therefore, the selection of UV aging evaluation indexes should
refer to the evaluation indexes of oxygen aging of hot asphalt. It is clear that the indexes
that meet the requirements are penetration, softening point, ductility, mass loss rate, G*, 9,
and G*/sin 6 after UV aging.

The purpose of this paper is to give the corresponding measures to prevent and control
UV aging of asphalt based on the amount of UV radiation in different areas. Therefore,
it is necessary to establish the equivalent relationship of UV aging of asphalt between
different UV radiation zones, and the aging equivalence indexes need to meet the following
requirements:

The index is sensitive to UV radiation and has a certain degree of discrimination;
The index has a strong regularity with the UV radiation, and the UV aging equation
can be established to track the index;

e The index is easy to obtain, the error is small, and it can be popularized.

According to the research results in Section 3, among the asphalt indexes after UV
aging such as penetration, softening point, ductility, mass loss rate, G*, 6, and G*/sin-9,
the distinction of softening point and mass loss of asphalt are not very high, and the test
error has a great influence on the results, which does not meet the requirements of aging
equivalence indexes. Although G*, §, and G*/sin § are sensitive to UV radiation and have
stable data, such indexes, however, have not been included in “Technical specifications for
construction of highway asphalt pavement” (JTG F40-2004) [46]. In addition, the dynamic
shear rheometer to obtain such indexes is only equipped in a few universities and scientific
research institutes, while design and construction companies are rarely equipped with this,
so such indexes do not have the conditions of being able to be popularized in China.

To sum up, this paper selects penetration loss rate and ductility loss rate of asphalt
after UV aging as aging equivalent indexes.
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4.2. UV Aging Equation of Asphalt

Establishing the UV aging equation and quantifying the asphalt aging indexes under
UV irradiation to realize the UV prevention measures in different zones is an important
step. Through analysis, the UV aging process of asphalt can be characterized by the asphalt
aging dynamic equation, as shown in Equation (1). According to the test results of asphalt
penetration and ductility at different UV aging times in this paper, the dynamic equation
of asphalt UV aging can be obtained, and the values of asphalt penetration and ductility at
other aging times can also be estimated according to this equation. The dynamic equation
of asphalt UV aging is shown in Table 2.

_ ayo
P(t) = 1+ (a—1)e bt @)

where: P(t) is the index value of asphalt under UV aging at time t; a and b are the calculation
parameters.

Table 2. UV aging equations of various asphalt involved in this paper.

Asphalt Indexes Dynamic UV Aging Equation R?
. Penetration at 25 °C, 0.1 mm P(t) = —0.0830/(1 — 1.0016 x e0-0080f 0.93

50 Ductility at 10 °C, cm P(t) = —0.0037/(1 — 1.0002 x 00090t 0.95

" Penetration at 25 °C, 0.1 mm P(t) = —0.0070(1 — 1.0001 x 0-0070t) 0.96

70 Ductility at 10 °C, cm P(t) = —0.0385/(1 — 1.00144 x e0-0103¢) 0.98

" Penetration at 25 °C, 0.1 mm P(t) = 3.7597 /(1 — 0.9590 x e0-00601) 0.97

20 Ductility at 10 °C, cm P(f) = —0.0440/(1 — 1.0013 x 00114) 0.96

4 Penetration at 25 °C, 0.1 mm P(t) = —0.3276/(1 — 1.0300 x 00040t 0.98

110 Ductility at 10 °C, cm P(f) = —0.0327/(1 — 1.0007 x el-01087F) 0.99
SBS LC Penetration at 25 °C, 0.1 mm P(t) = 0.0247 /(1 — 0.99966 x V0033t 0.97
i Ductility at 5 °C, cm P(t) = 0.0055/(1 — 0.99843 x e0-0475t) 0.94

SBS LD Penetration at 25 °C, 0.1 mm P(t) = 4.2360/(1 — 0.92311 x e%-0027% 0.96
) Ductility at 5 °C, cm P(t) = —30.8858/(1 — 2.1110 x e0-0056%) 0.95

P(t) represents penetration or ductility under UV aging at time f.

In Equation (1), ‘a’ is related to the ratio of asphalt Index P(t) at time ¢ and initial time,
for a given ‘a’, ‘b’ is related to the increasing rate (or decreasing rate) of asphalt Index P(t).

4.3. Equivalent Relation of UV Aging of Asphalt

At present, the anti-UV aging asphalt and related projects in China have mostly stayed
at the level of the trial road, and there are no UV-resistant aging pavement projects on a
provincial scale. This is mainly limited by the benefit ratio, that is to say, in a large range
of China, especially in the UV radiation climate zone I, the promotion of anti-UV aging
technology is of low benefit and difficult. Therefore, this paper puts forward the concept
of equivalent UV aging of asphalt, i.e., taking the dividing line of UV radiation climate
zone I and zone II (69.4 kW-h/m?) as the benchmark, with the help of the relationship
between the maximum UV radiation and the benchmark radiation in zone II and zone III
and the UV aging equation of asphalt, the equivalent UV aging of asphalt (i.e., the same
UV radiation amount) can be converted with the equivalent time of zone II and zone III
(laboratory time and outdoor time). In the same way, the amount of UV radiation and
asphalt aging can also be calculated under the same UV radiation time. In this paper, six
months of outdoor irradiation in zone I is selected as the baseline UV irradiation time and
amount, and the relationship between the equivalent time and the equivalent radiation
amount of different UV climatic zones is shown in Tables 3 and 4.
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Table 3. Equivalent time of outdoor under the same UV radiation and test time.

UV Radiation Test Time Equivalent Time
UV Climatic Zones in Laboratory, in Laboratory, h of gutdoor Months
KW-h/m? ' '
I 347 110 6
I 347 110 5.1
I 347 110 3.6

Table 4. Equivalent test time in the laboratory under the different UV radiation (Take 6 months as an

example).
. . Time of Outdoor, FJV Radiation Equivalent Test Time
UV Climatic Zones months in Laboratory, in Laboratorv. h
KW-h/m? g4
I 6 34.7 110
I 6 40.7 129
III 6 57.5 183

According to the test data obtained in this paper, the penetration loss rate and ductility
loss rate of asphalt in different UV climate zones are obtained by taking the actual outdoor
UV radiation for 6 months as the test time (see Table 4 for indoor test time), as shown in
Table 5.

Table 5. The penetration loss rate and ductility loss rate of asphalt in different UV climate zones
(taking the actual outdoor UV radiation for 6 months as the test time).

Penetration Loss Rate, % Ductility Loss Rate, %

Asphalt
I 1I 111 I I 111
50* 62.1 64.5 69.5 63.1 65.8 71.1
70 53.7 57.2 61.0 68.0 70.9 76.7
90# 49.0 52.6 57.3 71.7 76.0 80.3
110* 41.8 44.0 49.5 69.3 72.3 75.7
SBS I-C 31.9 36.3 39.6 43.1 46.5 49.6
SBS I-D 28.3 30.3 36.1 48.9 51.4 56.8

Tables 5 and 6 show that under the same outdoor UV irradiation time, compared with
zone I, the increment of penetration loss rate of asphalt in zone II is less than 5%, with an
average of 3%, and the increment of ductility loss rate is less than 5%, with an average of
3.2%. In addition, under the same outdoor UV irradiation time, compared with zone I, the
increment of penetration loss rate of asphalt in Zone III is less than 10%, with an average
of 7.7%, and the increment of ductility loss rate is less than 10%, with an average of 7.7%.
Based on the above laws, under the same outdoor UV irradiation time, in order to achieve
the same technical performance as zone I, the asphalt anti-UV ability of zone II should be
increased by more than 5%, and that of zone III should be increased by more than 10%.
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Table 6. The difference from zone I of penetration loss rate (the penetration loss rate and ductility
loss rate of asphalt in UV climate zone II and III).

Penetration Loss Rate, %, Ductility Loss Rate, %,

Asphalt (The Difference from I, %) (The Difference from I, %)
II 111 11 II1
50 2.4 7.4 2.7 8.0
70* 3.5 7.3 29 8.7
90* 3.6 8.3 43 8.7
110* 2.1 7.7 3.0 6.4
SBSI-C 44 7.7 34 6.5
SBS I-D 2.0 7.8 2.5 7.9

5. Examples of UV Aging Prevention of Asphalt
5.1. Selection of Trial Section

In order to verify the feasibility of the above theory in the actual project, the study
tries to make a comparison through the use of a trial road. The trial road needs to meet the
relatively harsh conditions as follows:

e The trial road crosses at least two climatic zones of UV radiation, and the annual
radiation amount difference is large.

e  The pavement structure, construction materials, construction machinery, construction
technology, and completion time of all sections of the trial road are the same.

e  The traffic volume after opening to traffic is basically the same.

In order to meet the above conditions, basically, the trial road needs to be exactly the
same in all areas of the highway, the same construction company will be used, and the
highway needs to cross two UV radiation climate zones.

The project searched all over China, and finally the entity project, Yonggu Expressway
in Gansu Province, China, was selected. The prominent feature of the expressway is that it
is located in an area of rapid change in solar resources, passing through UV radiation zone
I and UV radiation zone II.

Three sections of the trial road were selected in this project. Trial section 1 was located
in zone I of UV radiation, trial section 2 was located in zone II of UV radiation, and trial
section 3 was the contrast section, next to trial section 2, which was also zone II of UV radi-
ation. The three trial sections were all completed by the same construction company with
the same pavement structure, road construction machinery, road construction materials
(excluding anti-UV aging agent), and road construction technology in a close period of
time, and the opening time was the same. The traffic volume and traffic composition after
opening to traffic was almost the same. Figure 13 shows the comparison of UV radiation in
the three trial sections.

7000 1 = Trial pavement section 1 6291 6291
98.6 98.6
6000 1 = Trial pavement section 2 5724 r 100
5000 4 ™ Trial pavement section 3 79.5 -
4000
F 60
3000 4 2682 2856 2856
F 40
2000 A
1000 A 20
0 - -0
Annual sunshine Annual total solar Annual ultraviolet
duration, h radiation, MJ/m?2 radiation, kW-h/m?2

Figure 13. The comparison of UV radiation in three trial sections.
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5.2. Anti-UV Aging Scheme

The anti-UV aging agent used in this paper was composed of antioxidant 1010 (A 1010)
and light stabilizer 770 (L 770). The ratio of the two substances was A 1010: L 770 = 5:2,
and the content of the anti-UV aging agent was 0.7% of asphalt mass. SBS I-C modified
asphalt was used for construction. SBS I-C modified asphalt without anti-UV aging agent was
used for trial section 1 and trial section 2, while SBS I-C modified asphalt with 0.7% anti-UV
aging agent was used for trial section 3. In the design process, according to the principle of
equivalent aging, the anti-UV aging performance in zone II of SBS I-C modified asphalt with
the anti-UV aging agent could reach the performance level of SBS I-C (without the anti-UV
aging agent) in zone I. The technical indexes of asphalt used in the trial sections are shown in
Table 7.

Table 7. The technical indexes of asphalt used in the trial sections.

Indexes SBS I-C SBS I-C with Anti-UV Aging Agent
Penetration, 0.1 mm 68.2 69.6
softening point, °C 60.9 59.9
ductility at 5 °C, cm 40.1 40.7
Penetration loss rate 157.5 W/m?2,110 h 30.8 e
after UV aging, % 1575 W/m?,129 h —_— 30.5
Ductility loss rate at 5 °C 157.5 W/m?, 110 h 42.9 —
after UV aging, % 157.5 W/m?, 129 h — 43.1

5.3. Results Observation

In the first two years after the trial section of the project was completed and opened
to traffic, there were no obvious diseases. In the third year of opening to traffic, there
were relatively more transverse cracks and a few pits in trial road 2. The maintenance
department repaired the cracks randomly. In addition, the loose disease appeared in all
three trial sections, but trial section 2 was the most serious. The disease situation for
each trial section is shown in Table 8, and the representative disease photos are shown in
Figure 14.

Table 8. The disease situation of each trial section.

Trial Sections UV Zones Project Overview Observation Time Disease Situation PCI!

Trial 1 I . . Almost no dl.sease, 94
The anti-UV aging agent light loose disease
is used in trial secthn 2, The beginning of the There are transverse

Trial 2 1 and the other working third year cracks and a few pits, 91
conditions are basically loose disease

the same -
Trial 3 I Almost no disease, 94

light loose disease

1 PCI: Pavement Surface Condition Index.



Appl. Sci. 2021, 11, 6665

17 of 20

Figure 14. Representative disease photos of the trial sections.

According to the investigation results of the trial road, the disease degree of trial road
2 was the highest, and the Pavement Surface Condition Index (PCI) of trial road 2 in the
third year was lower than that of trial road 3 in the UV zone II, and also lower than that of
the trial road 1, which was in the UV radiation Zone 1. However, trial section 3, with the
anti-UV aging agent, and trial section 1, without the anti-UV aging agent, showed similar
pavement performance. This shows that the equivalent performance of asphalt under
different UV climate zones can be achieved through the previously discussed design.

Of course, limited by the number of trial roads, this conclusion still needs to be
supported by a large number of engineering data.

6. Conclusions

Based on the average annual amount of UV radiation in China in the most recent
30 years and the characteristics of the UV aging of asphalt, the climatic zoning of UV
radiation of asphalt in China was proposed. A variety of base asphalts and styrene—
butadiene—styrene block copolymer (SBS) modified asphalts were selected to carry out
the UV radiation test, and the relationship between UV radiation amount and viscosity,
low-temperature performance, and rheological properties of asphalt were studied. The
equivalent aging indexes of asphalt during UV radiation were selected, the UV aging
equation of asphalt was proposed, and the equivalent UV aging relationship among
different UV climate zones was established. The prevention and control strategies of UV
aging of asphalt among different zones were proposed, and the above theory was verified
using a trial road.

The main conclusions are shown as follows:

e  The asphalt UV climate zone I is the area with annual UV radiation less than or equal
to 69.4 kW-h/m? in the most recent 30 years, zone Il is areas with annual UV radiation
of 69.4~81.4 kW-h/m? in the most recent 30 years, and zone Il is areas with annual
UV radiation more than or equal to 81.4 kW-h/m? in the most recent 30 years;

e The greater the amount of UV radiation, the greater the loss rate of penetration
and ductility. For the same kind of asphalt, there is a relatively stable functional
relationship between the loss rate and the amount of UV radiation.

e  For asphalt, the G* increases and 6 decreases with increasing UV aging time, which
indicates that the elastic component of the asphalt response becomes more dominant
and the viscous component less dominant with UV aging.

e  The penetration loss rate and ductility loss rate of asphalt can be used as equivalent
UV aging indexes of asphalt.

e  Under the same outdoor UV irradiation time, if asphalt wants to achieve the same
technical performance as in zone I, the anti-UV ability of zone II needs to be improved
by more than 5%, and that of zone IIl needs to be improved by more than 10%.
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It is necessary to state that the aging of asphalt mixtures is not only directly connected
with UV aging of the binder but also with its composition and with humidity variations;
the aging progress is different within the different thicknesses of asphalt mixtures and this
progress is not related just to the type of binder [47,48]. This paper intended to contribute
to a more informed choice of the asphalt to use for surface courses constructed in different
regions of China, by helping to address the aging issue on the asphalt mixtures themselves.
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