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ARTICLE INFO ABSTRACT

Keywords: To purify severe air pollution in traffic-intensive urban areas and tunnels, an innovative type of photocatalytic
Micfo’surfaCing mixture micro-surfacing mixture (PMM) was designed, which was enhanced by polypropylene (PP) fiber and nano-TiOs.
PP ﬁb;.r:) In this work, the road performance of sixteen PMMs with the different contents of PP and nano-TiO, were
nano-TiO,

evaluated by wet-track abrasion test, wheel rutting deformation test and low-temperature splitting test. The
vehicle exhaust (VE) gas degradation capacity of sixteen PMMs was characterized under ultraviolet (UV) light
and visible light conditions. The life cycle assessment (LCA) methodology was applied to evaluate the envi-
ronmental impact of PMM. The results showed that the road performances of PMM were improved with the
increase of the PP fibers amount. The VE gas degradation capacity was significantly enhanced with the increase
of nano-TiO2 amount. PMM with 0.2 wt% PP fibers and 60 wt% replacement of mineral filler with nano-TiO5 was
a viable alternative to improve photocatalytic degradation of VE in pavement engineering. In addition, the
modified micro-surfacing mixture facilitates a significant reduction in energy consumption and greenhouse gas

Road performance
Vehicle exhaust
Photocatalytic degradation

emissions.

1. Introduction

With the rapid development of the Chinese economy, the number of
vehicles has grown at an alarming rate [1]. The annual sales of on-road
vehicles have grown from roughly 13.64 million in 2009 to 28 million in
2016, as shown in Fig. 1 [2]. Furthermore, the vehicle exhausts (VE) is
emitted due to incomplete combustion of hydrocarbon fuel in internal
combustion engines, including carbon monoxide (CO), nitrogen oxides
(NOx), hydrocarbon compound (HC), and other components [3-4].
According to the statistical data of the Chinese government, the emis-
sions of CO, HC, NOx has remained at a high level in recent years, as
shown in Fig. 2 [5]. These exhaust gases will seriously damage human
health, such as cardiovascular disease and cancer [6-8]. More than that,
the increasing number of studies suggests VE has been identified as one
of the most important contributors to air pollution in most cities in China
[9-12]. Meanwhile, VE in traffic-intensive urban areas and tunnels can
be extremely harmful to human beings [13-17]. Therefore, VE degra-
dation has become an important and urgent problem now.
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At present, photocatalytic materials are used to degrade VE into
pavement surfaces [18]. Owing to the strong photocatalytic degradation
ability, the chemical and thermal stability, and nontoxicity of TiOg
[19,20], it is mainly adopted as a photocatalytic material in the pave-
ment to purify VE. For example, in 1999, TiO, was first used in cement
pavement and exhibited good photocatalytic performance for purifying
NOy in Japan [21]. Tan et al. [22] presented the dosage percentage of
TiO5 is from 50% to 60% of mineral powder in asphalt mixture. It
degraded VE with good effect, but the performance of asphalt mixture
had a little negative effect. Boonen and Beeldens [23], investigated the
effect of photocatalytic materials on exhibiting air-purifying properties
in concrete pavement. In addition, the photocatalytic concrete materials
by adding TiO5 were introduced from lab tests to field scale applications.
However, uniform testing methods are lacking in evaluating photo-
catalytic activity in Europe. Xia et al. [24,25] studied TiO, Waterborne
Coating as photocatalytic oxidation to degrade pollutants under visible
light and ultraviolet (UV) light. The photocatalytic coating exhibited
favorable reusability and durability and can be applied to new or old
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Fig. 1. Vehicle sales volume and growth rate in China from 1994 to 2016 [2].
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Fig. 2. The amount of air pollutants from the vehicle in China from 2009 to 2016 (data from China MEP, 2010-2016) [5].

sections of the road. In short, TiO5 is widely used as a photocatalytic
additive in pavement materials and has an excellent VE Degradation
effect. However, some limitations are presented, such as the negative
effect of pavement performance and the lack of uniform purifying per-
formances testing methods.

On the other hand, micro-surfacing mixture is one of the most

important pavement materials as an economical, rapid, and effective
preventive maintenance material, which is composed of aggregate,
filler, polymer modified emulsified asphalt binder, additives and water.
The skid-resistance, moisture damage resistance and anti-aging prop-
erties of pavement are improved with the application of micro-surfacing
mixture. The thickness of micro-surfacing mixture layer is normally
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Table 1
Technical indexes of SBR modified emulsified asphalt binder.
Test Value  Specification =~ Test method
Penetration (25 °C, 100 g, 5 5)/0.1 68 40 ~ 90 ASTM D5, 2013
mm
Ductility (5 °C)/cm 65 >20 ASTM D113, 2007
Softening point (°C) 59.3 >57 ASTM D36, 2014
Evaporation residue content (%) 65.2 >62 ASTM D6997,
2004
Residual on sieve (1.18 mm)/% 0.02 <0.1 ASTM D244, 2017
Storage stability (1d)/% 0.03 <1 ASTM D6997,
2004
Viscosity (25°C)/s 19 16 ~ 20 JTG E20 T0621-
1993
Table 2

Nano-TiO, technical indicators.

Test projects Test results Standard requirements

TiO, content (%) >99 98 ~ 99.5
Grain size (nm) 10 ~ 20 <20
Specific surface area (m?/g) 80 ~ 220 80 ~ 110
Packing density (g/cm®) 0.24 <0.5
pH 6.0 ~ 6.5 6.0 ~ 6.5
Scorch weight reduction (%) <1.0 <3.5

Table 3

Technical specifications of PP fibers.
Index Test results Standard requirements
Equivalent diameter (mm) 0.028 0.015 ~ 0.035
Density (g/cm?) 0.920 0.910 + 0.040
Length (mm) 16 10 ~ 38
Tensile strength (MPa) 496 >270
Elongation at break (%) 21 >8.0
Melting point (°C) 185 >160

L " y 5 1

4 - : - i \,_‘
$460a 81010, 1,2mm X5.00KSEM) 2

Fig. 3. The SEM image of nano-TiOy,

from 4 mm to 8 mm as a sealing layer of pavement structure [26,27]. Itis
considered as an ideal matrix for photocatalytic additives. As the
thickness is less than 8 mm, it ensures that the photocatalytic additives
can be effectively exposed to visible light and UV light to degrade VE.
Meanwhile, it has a certain thickness to ensure that the photocatalytic
particles will not peel off due to the abrasion of the pavement surface by
vehicles. For example, Xu et al. [28] proposed the rubber-titanium-
aluminum ultrafine-grained micro-surfacing mixture for VE degrada-
tion. Thus, micro-surfacing mixture incorporating photocatalytic
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additives can be used as functional materials for road exhaust
purification.

The micro-surfacing mixture has a similar treatment cost as the chip
seal, which is lower than the maintenance cost of most treatment stra-
tegies of hot mix asphalt mixtures. Micro-surfacing mixture has good
economic benefits according to the comparison of highway maintenance
technology cost data in California over the past 35 years [29]. However,
in a Texas Transportation Institute report, the study pointed out that
micro-surfacing mixture had the worst cracking resistance among six
types of preventive maintenance technology for old pavement [30],
which presents a challenge to the traditional design of micro-surfacing
mixture material composition.

Fibers are applied in the micro-surfacing mixture to improve the
cracking-resistance and durability as the reinforcement materials. For
example, Wright et al. [31] found that the indirect tensile modulus and
fatigue life of micro-surfacing mixture with 0.20 wt% glass fiber could
be increased by 20% and 200% respectively. Hou et al. [32] studied a
fiber reinforced micro-surfacing technique aimed to solve pavement
performance problems, such as cracking and deformation. Luo et al.
[33] also investigated the performance of micro-surfacing mixture by
adding fibers, as well as recommending the dosage of fiber. She found
that the optimal dosage of fiber is 0.10 wt%~0.20 wt% by the weight of
asphalt mixture, according to the performance change and economic
influence of micro-surfacing mixture. So, the addition of the fiber ma-
terial in micro-surfacing mixture appears to have a significant effect on
the improvement of the tensile strength and bending strength of the
composite material.

In this work, photocatalytic modified micro-surfacing mixture
(PMM) was designed, which was enhanced by polypropylene (PP) fiber
and nano-TiOy. The road performance of sixteen PMMs with the
different contents of PP and nano-TiO, will be evaluated by wet-track
abrasion test, wheel rutting deformation test and low-temperature
splitting test. VE gas degradation capacity of PMMs was investigated
under visible light and Ultraviolet (UV) light. Furthermore, the envi-
ronmental performance of PMM was evaluated by the life cycle assess-
ment (LCA) methodology based on the possible savings in energy
consumption and greenhouse gas (GHG) emission during material pro-
duction, transportation, and construction phases.

2. Materials and methods
2.1. Materials

Cationic Styrene Butadiene Rubber (SBR) modified emulsified
asphalt binder prepared independently was selected as a binder in this
study. For the emulsified asphalt binder, the matrix applied was the SK-
90 asphalt binder. Meanwhile, SBR latex, emulsifier and stabilizer
dosage were 3.5%, 2.0% and 0.3% in the SBR emulsified asphalt binder,
respectively. And the technical indexes were illustrated in Table 1. The
nano-TiO, was obtained from Shanghai Jianghu Industrial Company,
and the Polypropylene (PP) fiber was produced by Changzhou Tianyi
Engineering Fibers Co. Ltd. The basic properties of nano-TiOy and PP
fibers were illustrated in Table 2 and Table 3. The technical indicators of
nano-TiO5 and PP fibers can meet the requirements of related specifi-
cations (GB/T 19591-2004 and JT/T 533-2020, respectively). In addi-
tion, an S-4800 cold field emission scanning electron microscope (SEM)
was used to obtain the apparent morphology of the nano-TiO3, and the
results were as shown in Fig. 3. Pure nano-TiO; was mainly composed of
a great many irregular spherical nanoparticles. The apparent
morphology exhibited large and dense clusters formed by the agglom-
eration of fine particles. The coarse and fine aggregate was made of
basalt, and the fine aggregate and filler were limestone. The selected
aggregate and filler satisfied the recommended performance guidelines
for micro-surfacing mixture (ISSA A143, 2010).
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Table 4
Aggregate gradation micro-surfacing mixture.
Sieve Passing percentage/wt.% Composite Type III gradation of
size/mm gradation ISSA guideline
5~10 3~5 0~3 Lower Upper
mm mm mm limit limits
9.50 100.0 100.0 100.0 100.0 100 100
4.75 7.8 93.7 99.7 80.4 70 90
2.36 0.3 8.3 89.4 59.4 45 70
1.18 0.3 4.0 55.5 36.7 25 50
0.60 0.3 2.8 37.3 24.7 19 34
0.30 0.3 2.4 24.8 16.5 12 25
0.15 0.3 2.0 16.8 11.3 7 18
0.075 0.2 1.2 8.2 5.6 5 15
Table 5

The combinations of different amounts of TiO, and PP fibers.

TiO, amount replacement PP fibers amount

of filler
0 wt% 0.1 wt% 0.2 wt% 0.3 wt%
(Fo) (Fo.1) (Fo.2) (Fo.3)
0 wt% of filler (To) (To, Fo) (To Fo.1) (To Fo.2) (To Fo.3)
40 wt% of filler (T40) (T40 Fo) (T40 Fo.1) (T40 Fo.2) (T40 Fo.3)
60 wt% of filler (Teo) (Teo Fo) (Teo Fo.1) (Teo Fo.2) (Te0 Fo.3)
80 wt% of filler (Tgo) (Tso Fo) (Tgo Fo.1) (Tgo Fo.2) (Tgo Fo.3)

2.2. Experimental and method

2.2.1. Composition design of PMM

a. Aggregate Gradation.

According to international slurry surfacing association (ISSA) A143
guideline [34], the aggregate gradation types for micro-surfacing
mixture are identified as Type II and Type III. Type III gradation was
chosen for the overlay of the highway. The gradation of the micro-
surfacing mixture was shown in Table 4.

b. Fillers.

Herein, twelve different combinations of nano-TiO, and PP fibers
were designed to study the optimal content of these two fillers. The
symbols of each PMM are given in Table 5.

c. Determination of optimal content of modified emulsified asphalt
binder and water.

The optimum mixing ratio of modified emulsified asphalt binder and
water were determined according to the mixing time test and the
cohesion torque test in JTG E 20-T0754 [35]. Specifically, samples of all
filler combinations with different content of binder and water were used

Table 6
Results of mixture mixing time and cohesion torque test.
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to test the allowable mixing time under the same conditions of water-
binder ratio (1:1.2) and cement content (2 wt%), which was deter-
mined by the previous mixing attempts. Because PP fibers can absorb
modified emulsified asphalt binder, the content of modified emulsified
asphalt binder increases with the increase of the amount of fiber, which
is set as 6.8 wt%, 7.0 wt%, 7.2 wt% and 7.4 wt%, respectively. The re-
sults of mixing workability and cohesion are shown in Table 6. Ac-
cording to Table 6, with the increase of PP fibers content and binder
content, the allowable mixing time was significantly extended at the
same TiO5 content level. Meanwhile, the rise in the proportion of TiO5
led to an upward shift of allowable mixing time. 0.3% PP fibers
exhibited a longer mixing time than others. It can be noted that the
allowable mixing time and cohesion value of PMM with all the pro-
portional compositions were satisfied with the specifications. It dem-
onstrates the suitability of cement dosage and water-binder ratio.
Furthermore, the ratios of each component of PMM were set as the
preparation ratios for the test specimens in Table 6.

2.2.2. Road performance test

To investigate the wearability and stability of PMM, 800 g of the
mixture was formed into a 280 mm diameter disc and the wet-track
abrasion loss value of 1 h and 6d was measured according to JTG E
20-T0752.

The wheel rutting deformation test carried out at 25°C+2°C was
employed to measure rutting resistance of PMM. The specimen with a
size of 380.0 mm x 50.0 mm x 12.7 mm was mounted on the bearing
plate after drying. It was crushed 1000 times by the rubber wheel under
aload of 56.7 kg and a rolling frequency of 44 times/min, then the width
of the specimen after crushing was measured, and the wheel rutting
deformation rate was calculated by the following formula:

PLD = (L, — L,) x 100/L, @

where, PLD represents the deformation rate of rut width, %; L, and L},
are the widths of samples before and after rolling respectively, mm.
Considering that PMM is located at the upper layer of the pavement
structure, which contacts directly with the atmospheric environment, so
it is susceptible to temperature changes. Once the temperature suddenly
drops, PMM is prone to low-temperature cracking. In this paper, the low-
temperature splitting test was selected to evaluate the cracking resis-
tance of PMM. The test specimen was a cylinder with a diameter of
101.6 mm and a height of 63.5 mm. The test temperature was set at
—10°C+0.5°C, and the loading rate was 1 mm/min. Finally, the splitting
tensile strength was used to characterize the low-temperature cracking
resistance of PMM, which can be obtained by the equation (2):

TiO, amount Fibers Modified emulsified External Aggregate  Allowable Remarks 30 min Cohesion 60 min Cohesion
replacement of filler (wt. ~ amount (wt. asphalt binder content (wt. ~ water (wt. %) mixing time (s) value (N-m) value (N-m)
%) %) %) (wt. %)
0 0.0 6.8 5.7 85.5 135 positive 1.2 2.0
0.1 7.0 5.8 85.2 137 positive 1.3 2.1
0.2 7.2 6.0 84.8 139 positive 1.4 2.1
0.3 7.4 6.2 84.4 144 positive 1.3 2.0
40 0.0 6.8 5.7 85.5 136 positive 1.2 2.0
0.1 7.0 5.8 85.2 137 positive 1.3 2.1
0.2 7.2 6.0 84.8 140 positive 1.4 2.1
0.3 7.4 6.2 84.4 143 positive 1.2 2.0
60 0.0 6.8 5.7 85.5 136 positive 1.2 2.0
0.1 7.0 5.8 85.2 137 positive 1.2 2.2
0.2 7.2 6.0 84.8 139 positive 1.4 2.3
0.3 7.4 6.2 84.4 145 positive 1.3 2.2
80 0.0 6.8 5.7 85.5 138 positive 1.3 2.1
0.1 7.0 5.8 85.2 140 positive 1.2 2.2
0.2 7.2 6.0 84.8 144 positive 1.3 2.0
0.3 7.4 6.2 84.4 148 positive 1.2 2.0
Specification requirement >1.2 >2.0
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Various amounts of fiber and Nano-
TiO; compound modified micro-

surfacing materials were prepared
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Ry = 0.006287P;/h (2)

2.2.3. Photocatalytic degradation testing method

The photocatalytic degradation experiments were carried out by a

where, Rt is the splitting strength, MPa; Py is the maximum test load, N;
and h is the height of the specimen, mm.

self-made photocatalytic reaction vessel, and the specific operation
process of the experiment and the digital photo of the VE removal
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Table 7
Gas emissions inventory.

Type of Emission/consumption Type of energy

Diesel Heavy oil Electricity
Energy Consumption 4.26E + 01 4.02E + 01 3.60E + 00
CO» 6.71E-02 5.82E-02 1.24E-02
SO, 8.65E-04 4.10E-04 3.11E-03
NOy 5.95E-04 4.79E-04 2.30E-03
co 1.75E-04 1.47E-04 1.39E-04
CH4 1.44E-02 1.25E-02 2.25E-03
PM10 4.00E-06 3.45E-06 2.06E-06
NH3 5.70E-06 4.90E-06 3.50E-06
CoHy 2.21E-07 1.92E-07 3.36E-09
CFC-11 1.45E-15 1.26E-15 2.65E-17
CFC-12 4.81E-20 4.18E-20 5.93E-21

reaction chamber were displayed in Fig. 4 [24,25]. The VE was specially
prepared by Jining Xieli Special Gas Co., Ltd. The light source of the
reaction chamber can be UV light (a wavelength in the range of 10-200
nm, the main wavelength was 38 nm) or visible light (a wavelength in
the range of 400-700 nm, the main wavelength was 497 nm), and the
light source was 50 cm away from the specimens. The air humidity in the
reaction chamber was controlled at 40 (£3)%. The concentration of VE
at a time was measured by A VE analyzer (NHA-506).

As shown in Fig. 4, VE reaction operation process was displayed.
Briefly, PMM specimens with a diameter of 60 mm and a thickness of 10
mm were prepared and controlled humidity in the thermostat. And the
sample shall be placed in an oven at 60°C for more than 3 h to ensure
curing before the photocatalytic degradation test. When the specimen
fulfilled humidity and temperature, it was quickly placed in the vessel.
The initial CO, NO and HC concentrations were controlled at 25 ppm +
2 ppm. VE was transported into the vessel until the desired concentra-
tion was reached, and the fan was turned on to disperse the gas evenly.
Lastly, UV or a visible light source in the vessel was turned on, and CO,
NO and HC concentrations were recorded every 5 min for 90 min by
NHA-506 VE analyzer. Since it was difficult to control the same initial
concentration of VE, the degradation rate () was used as the index to
compare and evaluate VE gas degradation capacity of PMM, which was
calculated by Equation (3).

Cy—C

n =" x 100% 3
0

where 1) is the degradation efficiency of CO, NO and HC, ¢ is the initial
concentration of CO, NO and HC, c is the residual concentration after the

reaction.
The framework of the test program in this paper was illustrated in

1h wet-track abrasion value (g/cmz)

TiO7 content (%)
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Fig. 5.

2.2.4. Environmental impacts method

The use of nano-TiO; as a photocatalytic additive in PMM can elicit
the VE degradation effect. In addition to the environmental benefits of
VE reduction, this PMM can bring potential energy savings and reduc-
tion in greenhouse gas (GHG) emissions by utilizing the PP fibers and
nano-TiO,.

In the conventional hot-mix asphalt mixture (HMA) production and
paving stages, both the aggregate and the asphalt binder have to be
heated to 160-180°C to ensure that the aggregates are coated with
asphalt binder in the asphalt mixing plant. Trucks transportation is
needed for the conventional HMA from the asphalt mixing plant to the
construction site. However, PMM can be produced and paved at the
construction site at the environmental temperature. Meanwhile, PMM
can be constructed without a paver, and only the roller compactor is
necessary to compact the pavement smoothness. Therefore, PMM could
save intensive energy compared with conventional HMA during the
production, transportation, and construction process.

This study conducted a life cycle assessment (LCA) of PMM to eval-
uate its environmental impacts during the production, transportation,

18

15

Wheel rutting deformation rate ( % )

TiO content(%)

Fig. 7. Wheel rutting deformation rates with the different amounts of nano-
TiO5 and PP fibers.

& 1000

800 |

600

400

200

6d wet-track abrasion value (g/cm

TiO7 content (%)

Fig. 6. wet-track abrasion values with the different amounts of nano-TiO, and PP fibers: (a) 1 h, (b) 6 d.



Z. Zhang et al.

Splitting strength(MPa)
o e < e - -
[\ ESN (@) o] (] [\

o
o

Construction and Building Materials 345 (2022) 128367

P i R e e B, %
e e e e e e e il

R i e
e e

LN

o
s

i

2

0 40

and construction stages. This paper also compared the modified asphalt
with two conventional asphalt mixtures, HMA and warm-mix asphalt
mixture (WMA), to obtain more intuitive conclusions.

(1) Definition of objectives and scope.

One ton of PMM was selected as the functional unit. The boundary of
the modified mixture is set from the start of asphalt mixture production
until the asphalt mixture construction is completed, which includes the
asphalt mixture production phase, transportation phase and construc-
tion phase stages.

(2) Inventory analysis.

PMM does not require heating in the production stage. A portable
mixer with a capacity of 272 t/h was used according to the site visits,
and thus an electricity consumption of 0.164 kWh was consumed. The
energy consumption for HMA and WMA were calculated by the Green
Asphalt Calculator. HMA consumes 0.125 kg diesel, 5.57 kg heavy oil
and 3.43 kWh of electricity in this stage, while WMA consumes 0.096 kg
diesel, 4.25 kg heavy oil and 2.62 kWh of electricity.

In the transportation stage, the mixed asphalt mixture is transported
from the asphalt mixing plant to the construction site by a dump truck
and poured into the paving machinery. During this phase, the environ-
mental impact mainly comes from the fuel combustion of the transport
vehicles. In this study, the average distance from the asphalt mixing
plant to the construction site is assumed to be 30 km, the type of fuel is
diesel, and the fuel usage rate is 0.23 kg/t*km. While the PMM can be
produced at the pavement construction site, the transportation distance
in the transportation phase is shorter than traditional asphalt material,
which is approximately regarded as 10 km. PMM consumes 2.3 kg of
diesel fuel, while the conventional HMA and WMA consume 6.9 kg of
diesel fuel.

In the construction stage, energy consumption mainly originated
from pavers and rollers. According to the data provided by the World
Bank ROADEO software, the diesel consumption of asphalt paving ma-
chinery is 0.34 L/m® and that of rollers is 0.3 L/m>. At this stage, the
difference between PMM and the conventional HMA and WMA is that
PMM only requires the use of rollers without pavers. Therefore, PMM

60 80
TiOy content(%)

Fig. 8. Splitting strength results with different amounts of nano-TiO, and PP fibers.

consumes 0.11 kg of diesel fuel, and HMA and WMA consume 0.234 kg
of diesel fuel.

(3) Environmental impact evaluation.

The energy sources used throughout the life cycle of the three
different types of asphalt mixtures are mainly diesel, heavy oil and
electricity. The China life cycle database (CLCD) was queried to obtain a
list of major gas emissions per unit of the three energy sources
consumed, as shown in Table7. Energy use (EU), global warming po-
tential (GWP), acidification potential (AP), ozone depletion potential
(ODP), photochemical smog potential (POCP), and aerosol potential
(AQP) are applied to evaluate the environmental impacts of three types
of asphalt materials.

3. Results and discussions
3.1. Road performance

According to the wet-track abrasion test (WTAT), the wheel rutting
deformation test and the low-temperature splitting test in JTG E 20
(T0752, T0O756, T0716), respectively, the different PMM specimens
were prepared. The results of the road performance tests are shown in
Fig. 6, Fig. 7, Fig. 8.

3.1.1. Wet-track abrasion test results

The WTAT is applicable to evaluate the moisture damage resistance
of PMM. Fig. 6 shows the results of the average wet-track abrasion
values under soaking 1 h and 6d in a water bath at 25°C+1°C. It is
obvious that the abrasion value of 1 h and 6 d decreased with the in-
crease of PP fibers content, which indicate that PP fibers significantly
improve the wear resistance of PMM. In addition, compared with Fy, the
6d wet-track abrasion values of Fy 1, Fo 2 and Fg 3 decrease significantly.
However, for the results of 1 h wet-track abrasion test, Fy and Fg1
possess similar abrasion values, and the water damage resistance is more
obvious when the content of PP fibers reaches above 0.2%. Because the
soaking time is too short, it still has a complete structure that can resist
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Fig. 9. The degradation effect under visible light: (a) NO, (b) CO, (c) HC.

water. The influence of 0.1 wt% PP fiber for the test results is not
obvious.

On the other hand, the addition of nano-TiO; has a certain negative
effect on the moisture damage resistance of PMM. This is mainly
attributed to the fact that the density of TiO, is 4.26 g/cm®, much higher
than that of mineral powder (about 2.66 g/cme'), which means that the
substitution of TiO, for filler has a smaller volume and is difficult to fill
the voids of aggregate. It greatly reduces the density of the mixture
system, resulting in more vulnerability to water. Therefore, the lower
content of nano-TiO2 shows better moisture damage resistance. Ac-
cording to the above test results, the wet-track abrasion values of PMM
with 0.3 wt% PP fibers and 0 wt% replacement of filler with nano-TiOy
are the smallest in 1 h WTAT (186 g/mz) and 6d WTAT (428 g/mz),
which proves that 0.3 wt% PP fibers are optimal.

3.1.2. Wheel rutting deformation test results

Fig. 7 shows that the addition of PP fibers led to a downward shifting
of the wheel rutting deformation rates, indicating that the rutting
resistance of PMM improves gradually. This result is in agreement with
the previous research that the addition of fiber can absorb asphalt binder
in a free state, and play the role of reinforcement, enhancing the strength
and stability of the material [33], so it improves the rutting resistance of
PMM. Moreover, it is worth remarking that as opposed to PP fibers, the
addition of TiO, as a substitute of mineral powder resulted in the
deterioration of rutting resistance of PMM. The main reason is that TiOy
has no free charge on the surface, and it is difficult to interact with
asphalt binder like mineral powder. Therefore, there is no chemical

adsorption effect on asphalt molecules, which greatly reduces the
structural asphalt in PMM and increases the rutting disease.

3.1.3. Low-temperature splitting test results

It can be seen from Fig. 8 that it has a significant influence on the
improvement of low temperature cracking of PMM with the amounts of
PP fibers and nano-TiO, increase. When the amounts of nano-TiO5 was
0 to 60 wt%, as the PP fibers increase from 0 to 0.3 wt%, the splitting
strength of PMM increase by 0.1 wt%, which could be deduced that the
bridging effect of PP fibers prevents the cracking of PMM [36,37]. On
the other hand, splitting strength is increased with the amounts of nano-
TiO4 for the substitution rate range of 0 to 60 wt%, but the 80 wt%
replacement of filler with nano-TiO, demonstrated a negative effect on
the anti-cracking performance. When the content reached 80 wt%, the
existence of a great many particles absorbed too much free asphalt
binder in PMM due to the larger specific surface area of nano-TiO,.
Therefore, it reduced the cracking resistance of PMM, which indicated
that the dosage of nano-TiO; should be strictly controlled.

3.2. Photocatalytic degradation effect

3.2.1. Study on the degradation effect under visible light conditions

The photocatalytic degradation effect of PMM under visible light is
shown in Fig. 9. The degradation rates of Tgg and Tgg are significantly
higher than those of T49, while the variation trend with degradation time
is roughly the same. Because the enhancement of photocatalytic active
sites is caused by the increase of nano-TiO,. The degradation efficiency
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Fig. 10. The degradation effect under UV light: (a) NO, (b) CO, (c) HC.

of PMM is directly improved. In addition, it’s worth noting that the
degradation efficiency of PMM has no significant change, when the
content of nano-TiO; exceeds 60 wt%. The main reason may be that the
photocatalytic active sites have reached saturation due to the excess
nano-TiOy. At the same time, excessive photocatalytic materials
agglomerate cannot play an effective role [25]. Hence, the recom-
mended optimal dosage of nano-TiO3 is 60 wt% by the weight of the
mixture, balancing the photocatalytic degradation effect and economic
influence of PMM.

Furthermore, the degradation rates of CO and HC are similar, but the
degradation rate of NO is increased by 20% on average. It could be
deduced that nano-TiO2 has higher selectivity for NO. On the other
hand, this result is highly beneficial for the degradation of VE based on
NO accounts for a higher percentage of VE.

3.2.2. Study on the degradation effect under UV conditions

Fig. 10 presents the photocatalytic degradation efficiency of PMM
with different amounts of nano-TiO, under ultraviolet irradiation. The
degradation efficiency of the three gases under UV light has a high
similarity with the trend of degradation efficiency under visible light.
And there is a rapid reaction zone (generally for the first 20 min) and a
stable zone during the process of photocatalytic reaction. Moreover, the
degradation efficiency of CO and HC under UV light is slightly improved
more than under visible light, while the highest degradation efficiency
of NO reaches 60 %, which is 10% higher than that under visible light.
This is mainly resulted from that the absorption intensity of nano-TiO in
the ultraviolet region is higher than that of visible light [25,38].

Furthermore, UV light has higher energy than visible light, which allows
nano-TiOs to accelerate the rate of photocatalytic reactions more easily.
Therefore, it could be deduced that PMM can degrade the harmful gas
more effectively under UV light and the recommended optimal dosage of
nano-TiO3 is 60 wt% under both illumination conditions.

3.3. Environmental impacts assessment

Six environmental impact indicators are chosen to evaluate the
environmental impact of PMM and two conventional asphalt mixtures
[39,40]. The environmental impact data associated with the respective
life cycle stages is presented in Fig. 11. Results indicate that energy
consumption of PMM markedly decreased, compared with HMA and
WMA. The amount of energy consumption of PMM is four times more
than HMA and WMA. Meanwhile, it can be noted that the GHG emission
and other environmental impact indicators of PMM are lower than 20%
of the HMA, and maintain at about 20% of the WMA, which proves that
PMM is an environmentally friendly material. In addition, the data of the
three mixtures in the whole life stage also show that the energy con-
sumption and harmful gas emission of PMM mainly occur in the trans-
portation stage, which can account for more than 95% of the whole life
cycle. In summary, the environmental impact of PMM is less than that of
the traditional HMA and WMA material in all stages, especially in the
mix production stage, due to the characteristics of no need for heating
and the possibility of in situ production. It indicates that PMM is a new
type of environmentally friendly pavement material with certain
competitiveness.
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4. Conclusions

In this work, an innovative type of PMM was designed, which was
enhanced by PP fibers and nano-TiO,. sixteen PMMs with the different
contents of PP and nano-TiO, were prepared and utilized to evaluate
road performances, VE gas degradation capacity and environmental
impacts. Some conclusions can be drawn as follows:

(1). The addition of PP fibers improves the moisture damage resis-
tance, the rutting resistance and low temperature cracking of
PMM. The addition of nano-TiO has a certain negative effect on
the moisture damage resistance and the rutting resistance of
PMM.

NO, CO and HC degradation rates of PMM are significantly
improved with the increase of nano-TiO,, especially NO degra-
dation rate. VE gas degradation capacity of PMM is better under
UV light than that under visible light.

PMM with 0.2 wt% PP fibers and 60 wt% replacement of mineral
filler with nano-TiO, show excellent road performances and VE
gas degradation capacity.

Since PMM can be mixed, paved, and compacted in the field
without the need for heating, it facilitates a significant reduction
in energy consumption and greenhouse gas emissions.

(2).

(3).

4.

In summary, the road performance, VE gas degradation capacity and
environmental impacts of PMM were comprehensively investigated in
the laboratory. In future work, the rheological properties of modified
emulsified asphalt binder and its influence on the PMM will be explored.
Meanwhile, trial road with PMM technique will be constructed and its
road performance, VE gas degradation capacity and environmental im-
pacts will be evaluated and studied.
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