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A uniform test design method was used to investigate the storage stability, wear
resistance performance, anti-slide performance, and color durability of a colored
emulsified asphalt seal mixture (CEASM). The optimal mix proportions of the seal mixture
were determined, and the engineering test application and effect evaluation analysis
were performed. The results show that the clay, silica fume, pigment, mineral aggregate,
and emulsified asphalt contents in the prepared mixture ranged from 15–17, 12–16,
10–14, 28–32, and 25–32%, respectively. In practical engineering applications, CEASM
with a molding thickness of 2–3 mm stored in liquid form has a good storage stability
and wear resistance, which is suitable for manual scraping pavement or mechanical
spraying construction. In addition, it has been shown that colored pavement has the
advantages of low cost, safety, environmental protection, convenient construction, good
durability, and rapid molding. The CEASM also has great application prospects in color
repaving for non-color roads, the early maintenance of colored pavement, and road
disease maintenance. The results guide colored pavement designs to improve the
storage stability of CEASM and enhance the color durability and crack resistance of
colored pavements.

Keywords: colored pavement, preparation, optimal mix proportions, uniform design method, engineering
application

INTRODUCTION

Colored pavement has broad application prospects, such as inducing traffic and improving driving
safety and transport smoothness (Ando et al., 2011; Xu et al., 2012). Such pavement can provide
road divisions, beautify the environment, and contribute to mitigating heat islands (Synnefa
et al., 2011). In addition, colored pavement prepared with emulsified asphalt as a binder has
several advantages, such as low cost, convenient construction, and a wide raw material availability
and application range. However, the effects of the natural environment and driving loads cause
color decay and cracks to appear in the initial or recent colored pavement projects (Zhang
et al., 2019a,b,c). The disadvantages of colored pavement, such as poor color durability, difficulty
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of controlling the pavement color, and severe color
contamination, limit its promotion and application. In addition,
the initial problems of colored pavement have not been effectively
solved, such as its poor anti-slide performance and insufficient
high-temperature stability. Finally, few materials can be used for
colored pavement maintenance. Therefore, the maintenance and
repair of colored pavements have gradually become urgent issues
that need to be solved.

Several researchers have conducted relevant research on
colored pavement due to its increasing application in road
construction. Bocci et al. (2012) studied the mechanical and
photometric properties of colored pavements and indicated
that it has a good wear resistance but poor permanent
deformation resistance at high temperatures. Its remarkable
photometric properties can improve the lighting design of
tunnels, which reduces the costs from lighting equipment
and energy use. The shoving, rutting, loose flaking, and poor
color durability of colored pavement are still major distress
types in long-term use (Lee and Kim, 2007). Tang et al.
(2015) mixed aromatic oil with petroleum resin and functional
polymers to prepare a colored binder. The colored binder
was then mixed with pigment, aggregates, and additives to
prepare colored asphalt mixtures. Light-colored synthetic asphalt
(LCSA) binders were prepared using aromatic oil, petroleum
resin, and various polymer modifiers. The bending beam
test (BBR) results show that the binder prepared with SBS,
EVA, and SBS + EVA had a better performance under low
temperatures with better aging resistance in the seal pavement
(Sengoz and Isikyakar, 2008; Tang et al., 2018; Zhou et al.,
2020). He (2013) and Jin (2015) indicated that a network
structure can be formed by the polymer modifiers in the
LCSA binder, which significantly influences the performance
at both high and low temperatures. Lin and Luo (2004)
found that colored asphalt fading depends on the type and
dosage of the dye, as well as the aging spans. The results
also demonstrated that red dyes always had better fading
resistances than green under ultraviolet light exposure. Gao
et al. (2005) found that aged colored asphalt with an increased
asphaltene content decreased the colloid contents, aromatic

phenol, and saturated phenol, and the original balanced system
of asphalt colloids was destroyed, which resulted in deteriorated
asphalt performances.

As mentioned, the diseases of colored asphalt pavement and
the preparation of a colored asphalt binder have been widely
studied. However, the complicated components and various
raw materials of colored asphalt have left several problems
to be solved for prepared colored asphalts and its mixture,
especially regarding its poor color durability and storage stability.
Therefore, a uniform design method was adopted here. The
emulsified asphalt was modified by adding inorganic materials,
such as clay and silica fume. Its mixture proportions and
pavement performances were studied in combination with
relevant tests to prepare CEASM with a good color durability and
high storage stability.

MATERIALS AND TESTS

Raw Materials
Self-made light-colored emulsified asphalt was used in this
study, and its specific technical indexes are shown in Table 1.
As suggested by Ouyang et al. (2006) and Sasanipour et al.
(2019), 325-mesh clay and D920 semi-encrypted silica fume were
selected as the functional fillers. The technical indexes of silica
fume are given in Table 2. The composite inorganic pigment of
titanium red was selected, and its technical indexes are shown in
Table 3. The utilized mineral components and mix proportions
are summarized in Table 4.

Preparation Process
The preparation process of CEASM is as follows:

(1) Weigh 1000 g of clay, 1000 g of silica fume, 100 g of
pigment, 2000 g of mineral aggregate, and 1500 g of
emulsified asphalt for use.

(2) Add tap water to the agitated tank at 11% of the total mass
of clay, silica fume, pigments, and mineral aggregate.

TABLE 1 | Conventional technical indexes of light-colored emulsified asphalt.

Items Unit Requirements of modified
emulsified asphalt (PCR)

Requirements of modified
emulsified asphalt (BCR)

Light-colored
emulsified asphalt

Test methods

Demulsification speed – Measured Measured Low breaking T0658

Charge – Measured Measured Cation T0653

Screen residue (1.18 mm) % <0.1 <0.1 0 T0652

Asphalt standard viscosity C25,3 s 8–25 12–60 27 T0621

Evaporation residue

Solid content % >50 >60 61.9 T0651

Penetration (100 g, 25◦C, 5 s) 0.1 mm 40–120 40–100 47.2 T0604

Softening point ◦C >50 >53 60.8 T0606

5◦C ductility cm >20 >20 20.4 T0605

Storage stability

1 d % <1 <1 0.95 T0655

5 d % <5 <5 1.7
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TABLE 2 | Technical indexes of the silica fume.

Items GB/T 18736-2002
indexes

Typical value of 920
silica fume

SiO2 content (%) ≥85 90–92.5

Cl content (%) ≤0.02 ≤0.02

Loss on ignition (%) ≤6.0 ≤4.0

Water content (%) ≤3.0 ≤2.0

Water requirement ratio (%) ≤125 ≤110

Specific surface area (m2/kg) ≥15000 18000

(3) Place the agitated tank with water added under the
spreader and gradually increase the speed of the debugged
spreader to 500–800 rpm.

(4) Weigh the clay, silica fume, and pigment and add them
to the agitated tank and stir evenly at 500–800 rpm
for 3–4 min.

(5) Weigh the pigment, add it to the agitated tank, and stir
evenly at 500–800 rpm for 3–4 min.

(6) Weigh the emulsified asphalt and add it to the agitated
tank. Adjust the speed to 1500–1600 rpm (the specific
speed is related to the machine power and the size of
spreader) and stir for 10–15 min.

(7) Weigh the mineral aggregates and add them to the agitated
tank in batches. Adjust the speed to 1500–2500 rpm
and stir for 5 min.

(8) Place the produced materials in a marked container
for storage.

Test Methods
Considering that CEASM has many components with various
content ranges, it is time-consuming and costly to study its
pavement performance. Therefore, a uniform test design method
proposed by Kaitai and Yuan was used to investigate the effects
of dosage for each component, including the clay, silica fume,

pigment, mineral aggregate, and emulsified asphalt. This method
considers uniformly spaced values over the entire test range,
and it is an application of the quasi Monte Carlo method
from several theoretical approaches (Fang, 1994; Fang and
Wang, 1994). Compared with the “comprehensive trials” and
“orthogonal design”, the number of uniform design trials is
significantly reduced.

The U∗10(108) table was used for the uniform design (shown
in Table 5). According to the rules of the table, the factors were
placed in columns 1, 2, 4, 5, and 7. After performing several
experiments, it was found that when the clay content was 65 g, the
silica fume, pigment, mineral aggregate, and emulsified asphalt
contents were 50 g, 50 g, 110 g, and 110 g, respectively. The
prepared seal mixture had the advantages of easy storage and
stability. Therefore, based on engineering experience, 10 levels
for each factor were taken at the upper and lower intervals of
these five values. The specific plan is given in Table 6. The
amount of each component is expressed as a percent of the total
mass. Replicable tests were performed for every test number
included in Table 6. If the error for each replicated test result
did not exceed ±5%, the test results were adopted as they were
deemed reliable.

The storage stability, wear resistance performance, anti-slide
performance, and color durability are key indicators that can be
used to evaluate the performance of CEASM (Fu et al., 2007;
Liang et al., 2015; Yu et al., 2018). Here, laboratory, storage
stability, and wear resistance performance tests were performed
to study the properties of CEASM. The anti-slide performance
and color durability were investigated on a trial road section
paved in Guangdong Province.

5-Day Storage Stability Tests
About 300 mL uniform CEASM sample is filtered by a 1.18-mm
filter screen into the test tube of stability of asphalt emulsion.
It is stored for 5 days at room temperature. Three parallel
tests are carried out on each sample to test 5-day storage
stability of CEASM.

TABLE 3 | Technical indexes of the composite titanium red pigment technique.

Product name Types Physical properties Fastness properties

Average grain
size (um) 5

Asphalt absorption
amount g/100 g

PH Heat resistance
(◦C)

Light resistance
(1–8)

Weathering
resistance (1–5)

Acid and alkaline
resistance (1–5)

Composite titanium red R3001 2.5 14–22 6–9 250 8 5 5

R3002 2.5 14–22 6–9 250 8 5 5

R3053 2.5 14–22 6–9 250 8 5 5

TABLE 4 | Percent of each component of the mineral aggregate passing through screen aperture and the proportion of each blending.

Material type Aperture size (mm) Proportion (%)

2.36 1.18 0.6 0.3 0.15 0.075

Passing percentage of fine mineral aggregate (%) 100 100 99–100 58–60 20–21 4–6 38

Passing percentage of crude mineral aggregate (%) 100 100 3–5 0 0 0 52

Mesh of mineral powder 325 10
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TABLE 5 | U∗10 (108) uniform test design.

Test no. Factor
A

Factor
B

Factor
C

Factor
D

Factor
E

Factor
F

Factor
G

Factor
H

1 1 2 3 4 5 7 9 10

2 2 4 6 8 10 3 7 9

3 3 6 9 1 4 10 5 8

4 4 8 1 5 9 6 3 7

5 5 10 4 9 3 2 1 6

6 6 1 7 2 8 9 10 5

7 7 3 10 6 2 5 8 4

8 8 5 2 10 7 1 6 3

9 9 7 5 3 1 8 4 2

10 10 9 8 7 6 4 2 1

Screen Residue Tests
The CEASM sample is stored for 10 days, and then 500 g uniform
CEASM sample is filtered with a 1.18-mm filter screen at the
room temperature. The test is used to determine the residue of
CEASM on the screen.

Wear Resistance Tests
The wear resistance performance of mixture can be determined
by wet track abrasion test (WTAT). The evaluation indexes are
1-h and 6-day WTAT values. The instrument used in this test is
wet track abrasion tester.

Anti-slide Tests
The pendulum tester to determine the friction coefficient of
pavement is used as the test method of anti-slide performance.
It is a field test. The evaluation index is the pendulum friction
coefficient value BPN. Each test position needs to be measured in
parallel at 3 points, and the average value of measurement results
of 3 test points is taken as the test result.

Color Durability Tests
Many factors affect the color attenuation of colored pavement. It
is difficult to accurately simulate the color attenuation speed and
service condition change of colored pavement in the laboratory.

Therefore, through paving the trial section on the Huandao Road
in Zhongshan City, Guangdong Province, the color durability
is evaluated by observing the color change of pavement after
opening to traffic for 6 months.

RESULTS AND DISCUSSION

Storage Stability
5-Day Storage Stability
According to the requirements from the Technical Specifications
for Construction Highway Asphalt Pavements (JTG F40-2004)
in China, the 5-day storage stability index should be no more
than 5%. The higher the 5-day storage stability value, the
worse the 5-day storage stability. Figure 1 shows the effects
of different test factors on the 5-day storage stability of the
mixture. It is seen from Figure 1A that with the increased
clay content, the 5-day storage stability gradually increased to
a stable value, but it had a decreasing tendency when the clay
content reached approximately 21%. Therefore, the preferred
mixing amount of clay was within 15–20%. As shown in
Figure 1B, the silica fume content had little effect on the 5-
day storage stability, so a content of 12–20% is suggested. As
shown in Figure 1C, additional emulsified asphalt led to a
better 5-day storage stability with a preferred mixing amount
of over 20%. Figures 1D,E show that with the increasing
amount of pigment and mineral aggregate, the 5-day storage
stability had a decreasing trend. The pigment content should
meet the color requirements after molding with a preferred
mixing range from 10–14%. In addition, according to the
requirements of the anti-slide performance of pavement after
molding, the preferred amount of mixed mineral aggregate
ranged from 28 to 38%.

Screen Residue
For CEASM, it is important to ensure that the emulsified asphalt
particles are not severely condensated with the functional fillers
after long-term storage. Screen residue is a key factor that can
evaluate the storage stability of asphalt mixtures.

According to the requirements in the Technical Specifications
for Construction Highway Asphalt Pavements (JTG F40-2004),

TABLE 6 | Uniform design test plan.

Test no. Total mass (g) Clay Silica fume Pigment Mineral aggregate Emulsified asphalt

M(g) P(%) M(g) P(%) M(g) P(%) M(g) P(%) M(g) P(%)

1 380 35 9.21 45 11.84 40 10.53 140 36.84 120 31.58

2 445 40 8.99 55 12.36 60 13.48 190 42.70 100 22.47

3 345 45 13.04 65 18.84 25 7.25 130 37.68 80 23.19

4 410 50 12.20 75 18.29 45 10.98 180 43.90 60 14.63

5 365 55 15.07 85 23.29 65 17.81 120 32.88 40 10.96

6 430 60 13.95 40 9.30 30 6.98 170 39.53 130 30.23

7 385 65 16.88 50 12.99 50 12.99 110 28.57 110 28.57

8 450 70 15.56 60 13.33 70 15.56 160 35.56 90 20.00

9 350 75 21.43 70 20.00 35 10.00 100 28.57 70 20.00

10 415 80 19.28 80 19.28 55 13.25 150 36.14 50 12.05
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FIGURE 1 | Effect of different test factors on the 5-day storage stability of the mixtures. (A) Amount of mixed clay. (B) Amount of mixed silica fume. (C) Amount of
mixed emulsified asphalt. (D) Amount of mixed pigment. (E) Amount of mixed mineral aggregate.
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FIGURE 2 | Amount of screen residue of the CEASM after storage for
10 days.

the residual modified emulsified asphalt on the sieve should
be no more than 0.1%. As shown in Figure 2, the screen
residue in the mixture for each test plan was less than 0.1%,
and no agglomerated emulsified asphalt particles were produced.
Therefore, the prepared emulsified asphalt mixture has a good
storage stability.

Wear Resistance Performance
Paved CEASM is subjected directly to various loads, so it
should have a good wear resistance. Figure 3 shows the
effects of different test factors on the WTAT value of the
mixtures. As shown in Figure 3A, as the clay increased, the
1-h and 6-day WTAT values did not vary regularly and the
test results had a large dispersion. The influence of the clay
content on the WTAT values was inconspicuous, indicating
that an emulsion with a high viscosity coefficient formed from
clay, and the emulsified asphalt had a limited influence on
the formed structure of the mixture. Considering the wear
resistance performance, the preferred mixing content of clay
ranged from 9 to 17%.

It is seen from Figure 3B that there was a good correlation
between the amount of mixed silica fume and the WTAT
values. With greater silica fume contents, the 1-h and 6-day
WTAT values increased, while the wear resistance performance
of the mixture decreased significantly. Combined with the
requirements of the test indexes, the preferred mixing content for
silica fume ranged from 10 to 16%.

Figure 3C indicates that as the pigment increased, the 1-h and
6-day WTAT values increased first and then gradually stabilized.
When the amount of mixed pigment was more than 15%, these
values rapidly increased. This indicates that the pigment is not
only the color source but also increases the compactness of the
mixture after molding. In addition, when the pigment content
was less than 8%, the color slightly lightened after molding.

Combined with the above analysis, the preferred amount of
mixed pigment ranged from 8 to 15%.

Figure 3D shows that as the mineral aggregate content
increased, the 1-h and 6-day WTAT values varied greatly. The
large changes in the WTAT values resulted from the mixed
proportions of mineral aggregate and the emulsified asphalt,
which reflect the effects of the emulsified asphalt on the moisture
damage resistance of the mixture. This also indicates that the
quality of the structural system for mineral aggregate could
be strongly related to the amount of mixed emulsified asphalt.
According to the comprehensive analysis, the preferred amount
of mixed mineral aggregate ranged from 28 to 32%.

As shown in Figure 3E, there was a strong effect of
emulsified asphalt on the 1-h and 6-day WTAT values. With
the increased emulsified asphalt content, the WTAT values were
obviously reduced, indicating that emulsified asphalt influenced
the moisture damage resistance and wear resistance performance
of CEASM. Therefore, the preferred amount of mixed light-
colored emulsified asphalt was within 25–32%.

Anti-slide Performance
The CEASM paved on an original road reduces the depth of the
pavement structure. To explore the effects of different pavement
treatment methods and amounts of mixed aggregate on the
frictional pendulum, the No. 7 test plan in the uniform design
table was selected, where the contents of all components were
within the suggested ranges, and anti-slide performance tests
were performed. Basalt rock with a single grain size of 1.18 mm
was selected as the aggregate for the asphalt mixture.

As seen in Figure 4, the friction pendulum value of
the CEASM was larger than the specification requirement
(BPN ≥ 32). It is therefore deduced that the anti-slide
performance of the original road can be restored, which is
improved by increasing the aggregate content. With the increased
aggregate content, the BPN began to increase quickly but slowed
when the amount of mixed aggregate was more than 10%. It
is therefore proposed that if the trial road section has a strict
anti-slide index, the amount of mixed aggregate should be 10%.

Color Durability
The color of pavement decays rapidly after some time. As
several complex factors influence color attenuation, such as
interactions with sunlight, rain washing, driving, and ground
dust, it is difficult to accurately simulate the speed of color
attenuation and changes in colored pavement through laboratory
tests (Autelitano and Giuliani, 2019).

The pavement study from the trial section of the uniform
design plan seven was performed to further explore the
color durability of CEASM. Pavement color fading is
significant due to the hot weather and abundant rain in
Guangdong Province. Therefore, the trial road section in
Huandao Road, Zhongshan, China, was selected, as shown
in Figure 5. After the trial section was affected by the
environment and driving for more than 6 months, there
was nearly no color fading on the pavement and the aggregate
maintained a good structure and shape, as shown in Figure 6.
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FIGURE 3 | Effects of different test factors on the WTAT value of the mixtures. (A) Amount of mixed clay. (B) Amount of mixed silica fume. (C) Amount of mixed
pigment. (D) Amount of mixed mineral aggregate. (E) Amount of mixed emulsified asphalt.
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FIGURE 4 | Effects of the amount of mixed aggregate on the friction
pendulum value of the seal pavement.

FIGURE 5 | CEASM after molding.

Thus, the CEASM prepared in this study exhibited a good
color durability.

APPLICATION PLAN

In engineering applications, good construction workability and
storage stability are required for CEASM (Zani et al., 2017).
Combined with results for the storage stability and wear
resistance, the mixture design that satisfies the requirements of
engineering applications is shown in Table 7. When the road
surface has a strict anti-slide requirement, basalt rock materials
with a single grain size from 0.6 to 1.18 mm can be added.
A general addition rule is 10%, which was recorded from the mass
percentage of CEASM.

FIGURE 6 | CEASM after using for 6 months.

TABLE 7 | Application plan of CEASM.

Indexes Clay (%) Silica
fume (%)

Pigment
(%)

Mineral
aggregate (%)

Emulsified
asphalt (%)

5-day storage
stability

15–20 12–20 10–14 28–38 >20

1-h and 6-day
WTAT value

9–17 10–16 8–15 28–32 25–32

Construction
application

15–17 12–16 10–14 28–32 25–32

CONCLUSION

The CEASM was prepared by mixing clay, silica fume, pigment,
and mineral aggregate. The effects of each component content
on the storage stability, wear resistance performance, anti-
slide performance, and color durability were studied. The
anti-slide performance and color durability for CEASM
were tested by applying it to a trial road section in
Zhongshan. These results found that there is an optimal
mixture design. The main conclusions are summarized
as follows.

(1) Considering the storage stability, wear resistance
performance, anti-slide performance, and color durability,
the clay, silica fume, pigment, mineral aggregate, and
emulsified asphalt contents in the prepared mixture are
recommended to be in the ranges of 15–17, 12–16, 10–14,
28–32, and 25–32%, respectively.

(2) Considering that CEASM may reduce the structural depth
of pavement, the anti-slide performance of the pavement
was tested after paving with CEASM. It was found that
the friction pendulum value of pavement with CEASM
was greater than 32 (above the specification requirements).
Therefore, adding aggregates can improve the friction
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pendulum value of colored seal pavements. In addition,
the test of the road performance with CEASM showed
that it had a good anti-slide performance and color
durability.

(3) When a strict anti-slide requirement was applied to the
road surface, basalt rock materials with a single grain
size from 0.6 to 1.18 mm are recommended. A general
addition of 10% was recorded based on the mass percent
of CEASM.
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