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Abstract: During the construction process of tunnel asphalt pavement, a lot of asphalt fume can be generated.
The asphalt fume usually cannot dissipate quickly during the tunnel’s construction, resulting in significant
harm to the workers’ health and extending traffic congestion. To solve the problem, a new tunnel pavement,
polyurethane (PU) ultra-thin friction courses (PU/UTFC) was proposed, with excellent mechanical properties
and wear resistance, and almost no harmful emissions due to its room temperature construction. For this
purpose, two PU mixtures (PUM), PU-based open-graded friction courses (PU/OGFC) and PU concrete
(PUC), with three different component ratios were investigated in terms of the mechanical properties,
functional properties, environmental impact evaluation, and thermo-mechanical properties. Results have
shown that PUM, compared to conventional asphalt mixtures, possesses excellent mechanical properties,
functional properties, such as skid resistance, noise absorption performance and flame-retardant property, as
well as sound environmental properties. Specifically, the increase in isocyanate index (R) can significantly
enhance the mechanical properties and water resistance of PUM but will reduce its freeze-thawing resistance.
In contrast to PU/OGFC, PUC has higher mechanical properties but lower water stability. The above two
PU/UTFCs will resolve significant problems in asphalt pavement in the tunnel and possess a broader
application prospect.

Keywords: Polyurethane, ultra-thin friction courses (UTFC), environmental impact evaluation, mechanical

properties, functional properties
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1 Introduction

Tunnels are recognized as one of the most energy- and material-intensive infrastructures of transportation
engineering. Considering the complex and unique service environment of the tunnel, for instance semi-
enclosed space structure, week lighting, heavy noise pollution, high probability of fire and accessible to
accident etc., pavement plays a crucial role in traffic safety of the tunnel (Bonati et al., 2012, Qiu et al., 2019).

Conventionally, pavements commonly applied in tunnels are mainly concrete pavements and asphalt
pavements. For a long time, cement concrete pavement (CCP) has been widely used in tunnels due to its long
service life and better bearing capacity (Ueckermann et al., 2015, Sun et al., 2018). However, the long
construction period, the high noise generated by tire-road interaction and the fast deterioration rate of the
skid resistance, have become the biggest obstacle for further applying the CCP in the tunnel (Wang et al.,
2015, Lu etal., 2020a). To achieve requirements of safety, comfort, and environmental friendliness for tunnel
pavement, in recent years, asphalt pavement has become more and more popular, due to the easy maintenance
and good driving comfort (Wang et al., 2015). However, conventional asphalt pavements also cause
significant safety and environmental concerns in tunnels, such as rutting, fatigue failure and high air pollution
during construction and maintenance. Especially, in the construction of tunnel asphalt pavement, a large
amount of asphalt fume, exhaust gas and dust will be released. Apart from it, flame retardant of asphalt is
weak, and the combustion-supporting effect of the asphalt will increase the risk of tunnel fires (Qun and Guo,
2005, Moretti et al., 2016, Qiu et al., 2019). Hence, the tunnel pavements should not only behave excellent
road performance and durability, but also meet the environmental requirements during the construction (Zhao
etal., 2010, Huang et al., 2015, Leng et al., 2019).

Based on the increasing demand for functional pavements, novel materials and technologies are being
developed to improve the sustainability and functionality of pavement (Liu et al., 2018, Wang et al., 2019,
Yang et al., 2020). The innovative polyurethane (PU) binder was developed for the maintenance of existing
roads and constructing new roads in the previous research, which material exhibits a high mechanical and
chemical durability to overcome the challenges of conventional pavement mixtures (Lu et al., 2019a, Lu et
al., 2019b). The mechanical strength of PU mixture is formed based on the reaction of polyol and Polymeric
Methylene Diphenyl Isocyanate (PMDI). During the reaction process, the 2 liquid components cure and

become solid polyurethane, thereby proving the mechanical strength between the aggregates. The excellent
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performance of PU indicates that the material provides a favorable combination of functionality and
mechanical properties (Lu et al., 2020c, Lu et al., 2020d). A high resistance to deformation and fatigue of
pavement mixtures based on PU are comprehensively validated based on in-situ experiments (Lu et al.,
2020b).

Based on the excellent properties of PU binder, a number of functional and sustainable pavement materials
have been developed. Among those materials, the most widely known is Poroelastic Road Surface (PERS).
PERS is a novel type of pavement surface, which includes recycled tire rubber into low-noise pavements as
aggregate (Wang et al., 2017a, Wang et al., 2017b). Based on the PU binder applied in the previous research,
the tensile strength was improved significantly in cold temperatures (Li et al., 2019). The sound absorption
coefficients of PERS have higher and wider peaks compared with conventional porous asphalt (PA). It proved
the suitability of PERS for urban roads in cold regions and outlined the significant economic and social
benefits. In recent years, the innovative polyurethane ultra-thin overlay (PU/UTFC) has been developed
especially for meeting the requirements of tunnel pavements. Compared with conventional tunnel pavement
materials, significant improvements were observed in mechanical and functional properties as well as the
environmental performance. Based on the ignition tests in a previous study (Leng et al., 2019), PU/UTFC
exhibited a better flame retardancy compared to asphalt mixture as well as a lower heat release rate (HRR).
Particularly, the ignition time of PU is larger than that of asphalt mixture, indicating that PU is more difficult
to ignite than asphalt.

Based on the previous study, the concept of PU/UTFC may be a feasible and effective way to enrich the
innovative functions of tunnel pavement. In this paper, the research aims to further evaluate the fundamental
properties of PU/UTFC when applied in the tunnel. Conventional asphalt mixtures (open graded friction
course (OGFC) and asphalt concrete (AC)) were selected as references. Compared with conventional tunnel
pavement materials, significant improvements were observed in both mechanical and functional properties,
as well as environmental performance. This study provides a comprehensive analysis and applicability
evaluation of PU/UTFC, which makes it possible to widely use the material in the fully or semi-enclosed
space for the pavement. The research results also provides practical significance for the further optimization

design of the PU based pavement mixtures.
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2 Experimental materials and methods
2.1 Raw materials and sample preparation
2.1.1 Polyurethane binder

Two-component polyurethane (PU) resin was used as the binder of UTFC, which is designed as PU/UTFC.
The polyol component (Elastopave® C 6551/202 C-A) and isocyanate component (ElastoCoast® C 6551 C-
B) are both provided by BASF Polyurethane Specialities (China) Co., Ltd. In this study, three different mass
ratios between the polyol and isocyanate (PU ratios) were considered and listed to be 100:80, 100:65 and
100:45, which are designed as PU-I, PU-11 and PU-111 with decreasing isocyanate index (R), respectively.
The reaction mechanism of the PU binder is shown in Eq. (1). The PU binder consists of the hard segments
and soft segments, which provide the strength and toughness of the PU binder (Hepburn, 1992), respectively.
It is worth noting that the optimal PU ratio, in theory, is recommended to be 100:65 by the supplier. Small
adjustments to the PU ratio are mainly to investigate the effects of the PU ratios, namely isocyanate index, on the

performance of the PU mixtures and further find the PU ratio suitable for the PU mixtures.

Hard segment

A
f N
o : O Soft Esegment (1)
[
[} )
nOCN——-R——NCO+ nHOVWVVOQH—™ C—N—R:—N—C—OVWO+
: i n

Carbamate group

The basic performance, including tensile properties and viscoelastic properties, of the three PU binders
were characterized. Both the specimens for the tensile test and viscoelastic test were prepared directly using
the silicone rubber mould (seeing in Fig. 1a) with a cavity of the Type IV specimen size (Hong et al., 2018)
described in ASTM D638-2010. Before preparation, the polyol component was dehydrated in a vacuum
drying oven at 110 °C for 2 hours and cooled to the room temperature. The dehydrated polyol component
and isocyanate component were weighed proportionally, and then mixed and stirred evenly by the glass rod
at room temperature for about 2~3 minutes. Finally, the mixture was poured into the silicone rubber mould
and then covered orderly by a Teflon film with 0.2 mm thickness, glass plate with 10 mm thickness and 5
Kg weight. The curing process was set at 25 °C for 24 hours. The formed tensile samples are shown in Fig.

1b. The viscoelastic samples were processed into 13 x 6 x 2 mm? from the tensile samples.
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Fig. 1 The silicone rubber mould (a) and formed tensile samples (b)

2.1.2 PU mixtures

According to JTG F40-2004 (Technical Specification for Construction of Highway Asphalt Pavements)
of China, two aggregate gradations, open-graded friction courses (OGFC-10) and asphalt concrete (AC-10)
with the same nominal maximum sieve size, for PU/UTFC were chosen and shown in Table 1. It is noted
that the PU mixtures (PUMs) with aggregate gradations of OGFC-10 and AC-10 were designed as
PU/OGFC-10 and PU/AC-10 (or PUC-10), respectively.

Table 1 Mass percentage (%) passing the sieve size (mm) of OGFC-10 and AC-10, respectively

Sieve size (mm)

Type
13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
OGFC-10 100 95 60 16 12 9.5 7.5 55 4
AC-10 100 95 60 44 32 225 16 11 6

Both PU/OGFC-10 and PU/AC-10 with a diameter of 101.6 mm £ 0.2 mm and height of 63.5 mm + 0.2
mm (seeing in Fig. 2) were designed and prepared according to JTG F40-2004 for asphalt mixture. It should
be noted that the pot-life of the PU mixtures is close to 1 hour at room temperature. It is exceedingly difficult
for the current PU mixtures to control the material workability by using the conventional paving and
compaction method for such a short pot-life. A new paving and compaction method or a new PU binder with
enough long pot-life should be studied next. However, it does not prevent us from studying the application

of PU mixtures in tunnel pavement.
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Fig. 2 PUMs: a) PU-I/OGFC-10, b) PU-11/OGFC-10, c) PU-111/OGFC-10, d) PU-I/AC-10, e) PU-11/AC-10,

f) PU-1I1/AC-10

2.2 Material properties testing for the PU binder
2.2.1 Tensile properties

According to ASTM D638-2010, the tensile properties of the PU binder were tested at a load speed of 5
mm/min by using a universal mechanical testing machine (WDW-100E, Jinan, China). The size of specimens
followed by the Type IV specimen with 33 mm length, 6 mm width, 2 mm thickness of the narrow section.
Five effective parallel specimens were conducted and their average performance, including tensile strength,
modulus and elongation at break, were calculated and analyzed.

2.2.2 Viscoelastic properties

The viscoelastic properties of the PU binder were characterized by both the temperature scanning and
frequency scanning methods by using the dynamic shear rheometer (DSR, ARES-G2, TA, New Castle,
America). The temperature scanning method was conducted under three-point bending mode at a frequency

of 1 Hz, strain of 0.125% and heating rate of 3°C/min from -50°C to 90°C. For this method, the loss factor
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(tan 0), including the glass transition temperature (Tg) by tan J and its peak height, and storage modulus as a
function of temperature were analyzed and compared. The frequency scanning method was performed under
three point bending mode at a strain of 0.125%.The temperature interval was set to 12°C from -36°C to 72°C
under 15 Hz to 0.1 Hz of the frequency sweeping range. For this method, the complex modulus (G*) and
phase angle (¢) as a function of frequency were analyzed in comparison.

2.2.3 Fourier transform infrared spectroscopy (FTIR) spectra analysis

The Fourier transform infrared spectroscopy (FTIR, AVATAR 360, Nicolet, Wisconsin State, USA)
spectra of the three PU binders were obtained by the KBr disc technique from 4000 cm™ to 450 cm.

2.3 Material properties testing for PUMs
2.3.1 Volume parameters

According to JTG E20-2011 (Standard Test Methods of Bitumen and Bituminous Mixtures for Highway
Engineering) (T 0705-2011) of China, the void ratio, voids in mineral aggregate (VMA) and bulk density of
PUMs were tested and calculated. For each condition, five effective parallel samples were tested and the
average value was obtained.

2.3.2 Cantabro loss

According to JTG E20-2011 (T 0733-2011), PUMs were immersed in water at 20 °C for 20 hours, and
then take them out of the water and wipe the water off their surface using towel. After the above steps, the
mass of each specimen was tested and recorded as mg with an accuracy of 0.1 g, and then all specimens were
put into a Los Angeles testing machine and treated for 300 revolutions at 30 r/min. The mass of each residue
sample was tested and recorded as mi. When the residue sample is comminuted, the mass of the maximum
sample will be recorded as ms. For each condition, three effective parallel samples were tested. The Cantabro

loss (AS, %) was calculated by

As =TT

x100 (2)

The average of AS was obtained.
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2.3.3 Run-off loss

With reference to JTG E20-2011 (T 0732-2011), the run-off loss of the two PUMSs were conducted under
room temperature for 30 min since the PUM is stirred and cured at room temperature, and PU solidifies faster

at room temperature. The run-off loss can be calculated by

Am="2""o 100 3)
m1 - mo

where Am is the run-off loss (%) of PU, mo is the mass (g) of the beaker with a volume of 800 ml, m; is the

total mass of beaker and PUM for testing, m; is the total mass of beaker and residue PUM on its wall after
high-temperature treatment. For each condition, three effective parallel samples were tested and their average
was obtained.

2.4 Mechanical properties testing for the PUMs
2.4.1 Marshall stability

The Marshall stability (kN) of PUMs was tested according to JTG E20-2011 (T 0709-2011). It is noted
that an universal mechanical testing machine with a high measure range (250 kN) rather than the Marshall
tester was used in this test since the Marshall stability of PUMs has exceeded the range (100 kN) of the
Marshall tester. The loading rate was designed as 0.2 kN/s. In this study, standard Marshall stability and
immersed Marshall stability were evaluated accordingly after immersions in water for 30 min and 48 h at 60
°C. These two Marshall stabilities are designed as Marshall stability before and after water immersion,
respectively.

2.4.2 Splitting strength

Both the two splitting strengths of PUMs before and after freeze thawing were tested at 0.2 kN/s loading
rate and 25 °C testing temperature with concerning JTG E20-2011 (T 0729-2000). For the splitting strength
before freeze-thawing, the specimens were immersed in water for 2 h at 25 °C before testing. For the freeze-
thawing splitting strength, each specimen has frozen in a refrigerator for 16 h at -18 °C followed by immersing
in water for 24 h at 60 °C and then immersing also in water for 2 h at 25 °C before testing. For each condition,

four parallel samples were tested and the average value was obtained.



209  2.4.3 Trabecular bending

210 The trabecular bending properties of PUMs with size of 250 mm x 30 mm x 35 mm were tested at a
211  loading rate of 5 mm/min and a testing temperature of 25 °C with reference to JTG E20-2011 (T 0715-2011).
212 All specimens have been immersed in water for 45 min at 25 °C before testing. The flexural stress, maximum
213  flexural strain and flexural stiffness modulus were calculated and evaluated. For each condition, five parallel
214  samples were tested and the average value was calculated.

215 2.5 Functional properties testing for PUMs
216  2.5.1 Skid resistance performance

217 The skid resistance of the pavement surface plays a vital role in the traffic safety of the tunnel, which is
218  characterized by the mean profile depth (MPD) and British pendulum number (BPN) using the self-made
219  Laser texture scanner and British pendulum friction coefficient tester, respectively. The above tests were
220  carried out after polishing every 30 minutes for 300 minutes using the self-made wheel accelerated polisher,
221  Harbin Polishing Machine (HPM). The entire test process is shown in Fig. 3, in which HPM is shown in Fig.

222 3a

PU/AC-10 PU/OGFC-10

223

224 Fig. 3 The evaluation process of pavement skid resistance: a) Polishing; b) Mean profile depth (MPD) test;

225 ¢) British pendulum number (BPN) test.
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Detailed test processes are as follows:

1) Polishing: According to the preparation method of the rutting plate in JTG E20-2011 of China, the
PUM specimens were prepared as a size of 30 cm x 30 cm x 5 cm. Before polishing, two samples were fixed
in a self-made wheel accelerated polisher (seeing in Fig. 3a). The test parameters were designed as 1 kN of
contact pressure between tire and sample, 10°C of room temperature, 4 times/min of the frequency of sample
round-trip movement, 30 r/min of tire rotation speed, 15 + 3 g/min of spraying speed of quartz sand (polishing
agent) and 35 £ 5 mL/min of water spraying speed.

2) MPD test: After each 30 min of polishing, the MPD test with 0.2 mm of precision was conducted
(seeing in Fig. 3b). The test parameters were designed as 142 mm of scanning radius and 5 mm of step size.
Three effective parallel test points were tested and their average value was calculated.

3) BPN Test: After MPD testing, BPN was tested using the British pendulum friction coefficient tester
(seeing in Fig. 3c). Five effective parallel test points were tested and their average value was calculated.

2.5.2 Acoustic performance

The acoustic performance of PUM samples with a cylindrical size of 40 mm x ®100 mm was evaluated
by the impedance tube method according to DIN EN ISO 10534-2. During the testing, the sound source and
sound receiver are connected at the two ends of a tube, which can be seen in Fig. 4. The sample was fixed in
the AFD 1000-AcoustiTube®. The sound source generated plane sound waves that penetrated the specimen,
resulting in part of plane sound waves were absorbed and other plane sound waves were reflected. The
absorbed and reflected acoustic pressures were measured by the wall-mounted microphones. The sound
reflection factor, sound absorption factor and its impedance ratio (reflection factor/absorption factor) were
calculated from the complex acoustic transfer functions of the two microphones using an analysis software

"AFD 1001 - Determination of the sound absorption coefficient".

11
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Fig. 4 The acoustic tube test

2.5.3 Flammability evaluation method

The combustion performance of both PU/OGFC and PU/AC with the three different PU ratios and size
of 1200 mmx100 mmx10 mm was evaluated by the cone calorimeter which consists of the carrier, combustion
chamber, ventilation system, flue gas measuring system and gas analyzer (seeing in Fig. 5). Before testing,
samples were wrapped with aluminum foil except for the top surface. The thermal radiation intensity and
burning temperature were set to 50 kW/m? and 780°C, respectively, which is like the actual combustion
environment. In this test, the heat release rate (HRR), total heat release (THR), effective combustion heat
(EHC), ignition time (TTI), smoke and toxicity parameters, and mass change parameters (MLR) were

measured to evaluate the combustion performance or flame retardancy of PUM.

Soot sample
tube location

Fig. 5 The cone calorimeter

12
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3 Environmental impact evaluation

It is reported that as much as 14% of global greenhouse gas (GHG) emissions is ascribed to the transport
sector in which the construction, maintenance and usage of road alone account for 72% of these emissions
pavement (Norman et al., 2006), making an important contributor to the anthropogenic burdening of the
environment. To illustrate the advantage in pro-environment of the novel PUM when applied in tunnel
pavement, the energy consumption and the GHG emissions of PUM during its construction process were
analyzed (based on the existed standard frame of life cycle analysis (Santero et al., 2011, Harvey et al., 2016)
by the comparison of asphalt mixtures. Their comparison results are plotted in Fig. 6.

In contrast to the heat requiring asphalt mixture, less energy for PUM is consumed during its construction
stage based on room temperature manufacturing. Therefore, less GHG emissions existed in the construction
of PUM. As shown in Fig. 6, both global warming potential (GWP) and energy consumption of the asphalt-

based OGFC are significantly higher than that of PU/OGFC in the construction process.

120

GWP 1 700
[[[1]] Energy

100 A - 600
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80 —
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a -4 400 =
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4 200
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20 - 100
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Asphalt-based OGFC PU/OGFC

Mixtures

Fig. 6 Environmental impact analysis
Apart from it, it is also important that the whole life cycle is investigated as a substantial proportion of
GHG emissions and energy consumption of PU mixtures during phases may also decrease, especially during
the use phase. It is known that the amount of energy consumed and GHG emissions during the life cycle of
a typical pavement highly depending on the traffic volume (Harvey et al., 2016). One can safely expect a
better environmental performance of PUM in the congestion, usage and maintenance phases since there is a
correlation between pavement structural strength and the number of times the asphalt needs replacement or

maintenance. Also, a mechanical deficiency is linked to a rougher surface which increases the fuel

13
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consumption of vehicles (Zhang et al., 2010). In general, the study indicates that PUM has more significant
environmental benefits than asphalt throughout the life cycle stages which are, material production,
transportation, construction and maintenance. Hence, it is a very suitable and sustainable material for the

application in tunnel pavement.

4 Mix design of PUMs

As mentioned above, three different PU ratios (100:80, 100:65 and 100:45) were considered. To make
sure that the aggregate gradation and the optimized PU content are consistent for both PU/OGFC-10 and
PU/AC-10 mixtures with different PU compositions, the PU with 100:80 (Polyol to Isocyanate) was selected.

For the PU/OGFC-10 mixture, the Cantabro loss (<20%) and run-off loss (<0.3%) were utilized to
determine the mass ratio between PU and aggregates (PU content) according to JTG F40-2004. The
experimental results for both the Cantabro loss and run-off loss as a function of PU content with a range of
2%~6% are plotted in Fig. 7. As shown, the PU content should be not less than 3.5% to make that the Cantabro
loss and run-off loss are less than 20% and 0.3%, respectively. For economic reasons, the PU content is

determined as 4% for the PU/OGFC-10 mixtures with different PU ratios.

70
1 u — A 0.30
Run-off loss
60 —=u— Cantabro loss (%) 0.30% I
—a— Run-off loss (%) -0.25
~ 50 |
S s
< L020 &
»n
s A L0.15 =
£ =
s . =
= F0.10 =
= 20 o~
(@} r './ Cantabro loss
4.0% !
10 4 Py 20% L 0.05
0 T T T T T T T T T 0.00
3 4 5 6

Mass ratio of PU binder (%)

Fig. 7 Evolutions on the Cantabro loss and run-off loss for the PU/OGFC-10 mixtures
For the PU/AC-10 mixture, the optimized PU content is the content that makes the mixture achieve the
highest Marshall stability and bulk density, but lowest void ratio and VMA at the same time according to
JTG F40-2004. The above testing results are plotted in Fig. 8. As shown, the optimized PU content is 4.8%
for the PU/AC-10 mixtures with different PU ratios.

14



304 Under the above mix parameters, the volume parameters of both PU/OGFC-10 and PU/AC-10 mixtures

305 are listed in Table 2. As shown, both the PU/OGFC-10 and PU/AC-10 mixtures have similar volume
306  parameters even under different PU ratios due to the same mix design. The relatively low void ratio for the
307  PU-III/AC-10 mixture may be caused by an error during the preparation process.
] e /fr'":\ L20 F2.5
200 — b =
5 v '2:<2><F’?“’
| T e Lis Lo
49 1501 Lo \
o 4.8%
5 12 b1
1 100
—a— Marshall stability (KN) s Lio
21 —e— Void age (%) ’
1 5. —A— VMA (%)
14 —v— Bulk density (g/cm3) F4 |05
0- 0 — 71t r r 1 rr r r r v 1 *r T ' T 7 0 -0.0
3.4 3.6 3.8 4.0 42 4.4 4.6 4.8 5.0 5.2
308 Mass ratio of PU binder (%)
309 Fig. 8 Evolutions in the Marshall stability, bulk density, low void ratio and VMA for the PU/AC-10
310 mixtures
311 Table 2 The volume parameters of both PU/OGFC-10 and PU/AC-10 mixtures with different PU ratios
PUMs PU binder Bulk density Void ratio VMA
PU-I 2.03+£0.02 17.00 £0.76 26.90 £ 0.93
PU/OGFC-10 PU-II 2.03+0.02 17.06 +0.94 26.95+0.81
PU-III 2.04+0.02 16.83+0.79 26.76 £0.88
PU-I 2.30+£0.01 4.28+0.44 18.09 £0.37
PU/AC-10 PU-II 2.29+0.02 456 +0.77 18.32 + 0.66
PU-11I 2.33+£0.02 2.94 + 0.67 16.93 £0.57
312
313 5 Results and discussion
314 5.1 Basic performance of the PU binders
315  5.1.1 Tensile properties
316 The tensile stress-strain curves of three PU binders are plotted in Fig. 9. As shown, an obvious and yield

15



317
318
319
320
321

322
323
324
325

326
327

328
329
330
331

phase exists in the tensile process of the PU-I binder while the yield phase gradually disappears with
decreasing isocyanate index (R). The tensile properties of the three PU binders are listed in Table 3. As R
decreases, the tensile strength and modulus of PU binder decrease notably while the elongation at break
exhibits an opposite trend due to the increase in the soft segment. Accordingly, the toughness of the PU

binder increases with decreasing R.

40 - ——PUI
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e ——PU-III
<
= 30
g
)
@
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7
P 20
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=
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e
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o —""T"""T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55 60

Tensile strain (%)

Fig. 9 The tensile stress-strain curves of the three PU binders

Table 3 Basic performance of the three PU binders

PU binders PU-I PU-II PU-1I
Tensile strength (MPa) 42.30 £ 2.26 23.32£0.85 17.84 +1.89
Tensile
Tensile modulus (MPa) 942.11 £43.92 482.17+38.96 99.13+5.50
properties

Elongation at break point (%) 943+231 35.26 £1.60 57.25+8.46

Ty (°C) 60.0 4322 441

5.1.2 Viscoelasticity properties

The development of loss factor (tan ) and storage modulus in terms of temperature are plotted in Fig. 10
and Fig. 11, respectively. The glass transition temperatures (TgS) by tan ¢ of the three PU binders are also
listed in Table 3. Unlike the tensile strength and modulus, both Ty and storage modulus of the PU binder

rapidly decreases and then recovers with increasing R, especially for the storage modulus with the highest
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values at low temperatures. The average inter-crosslink molecular weight, M. (g/mol), can be calculated by

(Karbhari, 2006):

_3RTp

MC
EM

(4)

where R is the universal gas constant (8.314J-mol*-K?), Ey is the storage modulus (MPa) of polymer in
rubber state, p is the density of polymer (p is 1.20 g/cm? for all the three PU binders), T is the temperature at
Ewm. To make sure Ew is the storage modulus polymer in rubber state, T is equal to T4 + 30°C. According to
Eq. (4), Mcs of the PU binders are determined as 2179.9 g/mol, 2134.9 g/mol and 1701.5 g/mol as the decrease
in R, respectively. It is also responsible for the reduction in tensile strength and modulus of the PU binder
with increasing R.

Contrary to the tensile strength and modulus, the abnormal increase in both T4 and storage modulus below
10°C for the PU-I1I may be due to excess polyols forming much more network of molecular chains (seeing
in Eq. (1)) and strong hydrogen bonds (Hong and Xian, 2018) with isocyanates. Both the formation of more
network of molecular chains and strong hydrogen bonds can improve the rigidity of molecular chains and
further enhance the Ty and storage modulus at low temperature. However, the above enhancements do not
improve the length of the hard segment that determines the tensile strength and modulus of PU, seeing in Eq.
(2). The length of the hard segment is mainly determined by R, resulting in the tensile strength and modulus

of PU decreases with increasing PU ratio.
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Fig. 10 Evolutions in tan ¢ of the PU binders as a function of temperature
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The complex modulus (G*) and phase angle () as a function of frequency at the reference temperature
of 36°C are plotted in Fig. 12 and Fig. 13, respectively. As shown in Fig. 12, as the decrease in R, G* decreases
at a fast rate and then fairly slow rate in the low-frequency region, respectively, and increases slightly in the
high-frequency region. This result has indicated that the PU binder becomes soft obviously and hardened
slightly as the decrease in R in the low-frequency and high-frequency region, namely high-temperature and

low-high-temperature region, respectively. However, the above changes become less obvious in the low R-

value range.
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Fig. 12 Evolutions in complex modulus (G*) of the PU binders as a function of frequency
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Fig. 13 Evolutions in phase angle of the PU binders as a function of frequency

As shown in Fig. 13, as the decrease in R, the phase angle decreases in the low-frequency region and
increases slightly in the medium- and high-frequency regions at a fast rate and then a fairly slow rate. This
result indicates that the viscosity-elasticity rate of the PU binder decreases and increases as the decrease in R
in the low-frequency and high-frequency region, namely high-temperature and low-high-temperature region,
respectively. Like the changes in the complex modulus, the phase angle also exhibited less obvious in the
low R-value range. Therefore, combined with the changes of the complex modulus, the moderate increase in
R can greatly improve the high-temperature performance of the PU mixture without significantly reducing
its low-temperature.

5.2 Mechanical properties of PUMs
5.2.1 Marshall stability

The effects of R on both Marshall stabilities of the two PUMs before and after water immersion were
investigated and their results are plotted in Fig. 14. As shown, both the Marshall stabilities of the two PUMs
before and after water immersion increases with increasing R. This result indicates that the increase in R can
enhance the interfacial bonding between PU and aggregates to a certain extent. For both the two PUMs after
water immersion, the loss ratio of the Marshall stability exhibits relatively low values (~16.9% to ~21.2%)
at the highest R while it increases to more than twice the value at low Rs, especially for the PU-II mixtures.

Therefore, the PUMSs with high R possess a better water stability resistance due to its good interfacial bonding
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between PU and aggregates. It is noted that the PU-1I mixtures show a higher loss ratio in the Marshall
stability than the PU-I1I mixtures, which is believed to be caused by the mismatching between the large

reduction in the initial value of the Marshall stability and degradation in Marshall stability after water

immersion.
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Fig. 14 The Marshall stability of both PU/OGFC-10 and PU/AC-10 mixtures with different Rs

In contrast to the PU/OGFC-10 mixtures, the PU/AC-10 mixtures possess a significantly higher Marshall
stability due to its denser gradation. After water immersion, both PU-1/AC-10 and PU-111/AC-10 mixtures
show a slightly higher loss ratio in Marshall stability while the PU-II/AC-10 mixtures exhibit a lower
Marshall stability than the PU/OGFC-10 mixtures. This result can be concluded that there is no obvious
inherent law between the gradation and loss ratio in Marshall stability under different Rs.

To further reveal the mechanism in the effects of R on the performance of the two PU mixtures, the FT-
IR spectra of the PU binders were conducted and are plotted in Fig. 15. As shown, the peak at 2275.7 cm™ is
assigned as the unreacted —N=C=0 groups, suggesting that some unreacted —N=C=0O groups existed in
the PU binders even with the lowest R. As the decrease of R, the height of the peak at 2275.7 cm™ decreased
significantly, in other words, the ratio of the unreacted —N=C=0O groups increases with increasing R. After
immersion, the uncreated —N=C=0 groups can react with water molecule and produce ureido and carbon
dioxide (seeing in Eg. (5)), which increases the chemical crosslinking of PU and further inhibits the
degradation of the water resistance of Marshall stability to some extent. It should be noted that the above

chemical reaction did not change the void ratio of PU mixture since it is a microscopic change and there are

20



401
402

403
404
405

406
407
408
409
410
411
412
413
414
415
416
417
418

only quite a few residual -NCO groups.

2R-N=C=0+H,0 > R—NH—-CO—NH—-R+CO, 1 (5)
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Fig. 15 The FT-IR spectra of the PU binders with different Rs

5.2.2 Splitting strength

The effects of R on the splitting strength of two PUMs before and after freeze thawing are plotted in Fig.
16. As shown, similar with Marshall stability, the splitting strength of both two PUMs before and after freeze
thawing increases significantly with increasing R, which also indicates that the increase in R can improve the
interfacial bond between PU and aggregates and further enhance the splitting resistance of PUMs. After
freeze-thawing, the ranges of degradation rate in splitting strength of PU/OGFC-10 and PU/AC-10 are
39.5%~66.4% and 48.8%~56.8%, respectively. Furthermore, the degradation rate increases with increasing
R. Therefore, the freeze thawing has a considerable degradation effect on the splitting strength of PUMs due
to its frost action.

Contrary to water intrusion, the increase in R can accelerate the degradation of mechanical properties for
PUMs, which may be ascribed to the reduction in ductility. In other words, the increase in ductility of PU
binders can help to improve the freeze-thaw resistance of PUM. In addition, in contrast to PU/OGFC-10,
PU/AC-10 has higher degradation in splitting strength after freeze thawing, which is also related to its denser

gradation. Combined with the results in Fig. 14, PU/OGFC-10 has a better water resistance than PU/AC-10.
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Fig. 16 The splitting strength of both OGFC-10 and AC-10 mixtures with different Rs
5.2.3 Trabecular bending

As stated above, the increase in R has improved significantly the mechanical properties of PU mixtures.
Therefore, only the trabecular bending properties of the two PU-I mixtures were conducted and plotted in
Fig. 17. As can be seen from the corresponding data listed in Table 4, in contrast to PU-I/OGFC-10, PU-
I/AC-10 has almost twice flexural strength and stiffness modulus, but only slightly lower flexural strain at

both yield point and break point, which is also due to its denser gradation.
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Fig. 17 The flexural stress-strain curves of both PU-I/OGFC-10 and PU-I/AC-10 mixtures
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Table 4 Trabecular bending properties of two PU-I mixtures

Flexural strength Maximum flexural strain Flexural stiffness modulus
PUMs
(MPa) (ne) (MPa)
PU-I/OGFC-10 11.5+0.8 2813.0 + 386.7 4148.0 +674.4
PU-I/AC-10 206+1.6 2664.4 £123.2 7735.8 £541.3

5.3 Functional properties of PUMSs
5.3.1 Skid resistance

Based on the polishing simulation using HPM for 300 min, the MPD values and BPN values of AC-10,
OGFC-10, PU/AC-10, and PU/OGFC-10 were obtained in Fig. 18. The power fitting method was applied to
estimate the development of both MPD and BPN values in terms of polishing during (based on higher than
9.5 coefficient of determination).

As can be seen from Fig. 18a, it is found that the MPD of both PU/AC-10 and PU/OGFC-10 decreases
continuously with time until it reaches a stable value, which is the same as the MPD development in the
polishing test of asphalt mixtures. This shows that the texture depth is continuously decreasing, mainly
because the coarse aggregates in the mixture are continuously polished, and the textures of the pavement
surface are constantly smoothed. However, in detail, the MPD values of both PU/OGFC-10 and PU/AC-10
are higher than that of OGFC-10 and AC-10 throughout the early decay cycle. It can be known that the texture
decay rate of PUM is lower than that of asphalt mixture, which is mainly attributed to the excellent abrasive
resistance (Ashrafizadeh et al., 2016) and adhesion property (Cong et al., 2018) of the PU binder.

asphalt mixture surface properties will be significantly influenced by fatigue, moisture damage and long-
term traffic loading, while PUM shows high resistance to those common problems.

The Fig. 18b shows the development of BPN during polishing, which is similar to that of MPD. BPN
values of all samples increased with polishing time and then decreased slowly and continuously until it
reached a stable value. The reason is that the PU binder is wrapped on the surface of the aggregate in the
initial stage of the test samples. In a relatively short period of polishing time, the binder material is gradually

polished, and then the aggregate is exposed. In this case, the skid resistance of PUM will increase in the
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initial polishing stage. When the aggregate is fully exposed on the surface, the tire drives the polishing
medium quartz sand and water to continuously produce polishing effects on the aggregate. Hence, the skid
resistance of mixtures is continuously reduced by the aggregate is being continuously polished.

The initial BPN value of OGFC-10 is therefore higher than that of AC-10. However, the BPN value of
PU/OGFC-10 was higher than AC-10 and OGFC-10 during the later polishing duration. The BPN value of
PU/AC-10 was also higher than that of AC-10, and even higher than that of OGFC-10 for almost half of the
total polishing time. It shows that the durability of the skid resistance of PU mixture pavement is higher than
that of asphalt mixture pavement. It also implies that, by using the PU binder in tunnel pavement, the

maintenance times and energy consumption can be saved to a certain extent.
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Fig. 18 The evaluation of skid resistance based on HPM: (a) MPD test values; (b) BPN test values

5.3.2 Acoustic performance

The measured incident and reflected sound energy is used to calculate the sound absorption coefficient as
a function of the frequency. With the impedance tube used here, the frequency range from 200 to 2000 Hz is
covered, whereby the respective sound absorption coefficient is determined in steps of 3 Hz. Since this is a
test method in which the specimens are not altered or damaged, each specimen is examined a total of three

times, the averages are given in Fig. 19.
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Fig. 19 Noise absorption coefficient measurements in accordance with 1SO 10534-2.

It shows the absorption coefficients of the PU/OGFC samples in comparison to PU/AC. It can be seen
that the absorption coefficients of the PU/OGFC samples are within the range of 30% to 85% between 1000
Hz and 2000 Hz, which is the important frequency range to human auditory perception (Lu et al., 2019a).
From 200 Hz to 2000 Hz, PU/OGFC shows maximum absorption coefficients of 86%, at 1425 Hz. When
comparing the results to PU/AC samples, the maximum absorption coefficients of PU/AC are much smaller
than those of PU/OGFC (with a maximum 43% absorption coefficient at roughly 1270Hz). From the previous
study, it is more important to compare the course of the absorption coefficient over the frequency than the
absolute maximum absorption value. It can be seen that the PU/OGFC samples exhibit wider frequency
ranges with high absorption coefficients in comparison to the PU/AC, which is an indicator of better noise

absorption. In addition, the R of PU binders has few effects on the noise absorption in terms of PUMs.

5.3.3 Flammability evaluation

As a significant parameter for flammability evaluation of materials, the ignition time (TTI) is the time
from heating the surface of materials to continuous combustion at a preset incident heat flux and can be used
to evaluate the refractory properties of materials. TTls of both PU/OGFC and PU/AC are plotted in Fig. 20,
compared with OGFC and AC, respectively. As shown, TTI for PU/OGFC decreases slightly while TTI for
PU/OGFC decreases firstly and then increases with decreasing R. However, the differences between different
Rs of PU bhinders are very small, which indicates that the R of PU binders has few effects on the TT1 of PUMs,
especially for PU/OGFC. The mean TTls of PU/OGFC and PU/AC are 292.0 = 6.2 sand 301.7 = 17.1
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491 s, respectively. Hence, PU/AC has a better combustion resistance, which is similar with asphalt-based
492  mixtures. In contrast to asphalt-based mixtures, TTls of PU/OGFC and PU/AC are 3.3 and 2.1 times of that
493  of OGFC and AC, respectively. This result shows that PUMs have excellent combustion resistance far better

494 than asphalt mixtures.

OGFC
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O
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[
100
50
0 : : .
PU-I PU-II PU-II Asphalt
495 Types of binders
496 Fig. 20 TTIs between PU- and asphalt-based mixtures
497 The other two important parameters representing flame retardation are heat release rate (HRR) and total

498  heat release (THR) from ignition to flame extinction, respectively. The peak value of HRR is designed as
499  pkHRR. HRRs and THRs of both PU/OGFC and PU/AC are plotted in Fig. 21 and Fig. 22, compared with
500 OGFC and AC, respectively.

501 As shown in Fig. 21, all the HRR at the same time, burning duration, pkHRR and THR increases slightly
502  with increasing R for both PU/OGFC and PU/AC, especially for PU/OGFC, implying that the increase of R
503  can enhance the risk of combustion. In contrast to PU/OGFC, PU/AC has a little higher pkHRR and THR
504  due to its more aggregates. In addition, it is noted that asphalt-based mixtures, compared to PUMs, has
505  significantly higher pkHRR, shorter burning duration and lower THR, which indicates that the asphalt-based
506  mixtures have a fairly high heat release rate and can burn very quickly. Therefore, it can be concluded that
507  the asphalt-based mixtures are more dangerous than PUMs in case of fire, and PUMs can greatly reduce the

508  risk of combustion.
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6 Conclusions

In the present research, a new polyurethane (PU) ultra-thin friction course with both low environmental
impact and excellent pavement properties used in the tunnel, was proposed. The environmental impact
evaluation, mechanical properties and functional properties of PUM were investigated systematically. The
detailed conclusions are as follows:

1) Contrary to asphalt mixtures, due to the room temperature construction condition, polyurethane

mixtures (PUMs) have low global warming potential (GWP) and energy consumption, exhibiting superior

27



523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540

541
542
543
544
545
546
547

548
549
550
551

environmental benefits for tunnel pavement.

2) Both PU/OGFC and PU/AC have excellent mechanical properties, which can be significantly enhanced
by the isocyanate index (R), due to its outstanding interfacial bonding between PU and aggregates. However,
PUM has relatively poor water stability due to its less ductility of PU according to the water immersion test
and freeze-thawing test. In contrast to PU/OGFC, PU/AC possesses higher mechanical properties but weaker
water stability.

3) In general, PUM shows a better skid resistance comparing to the asphalt mixtures. The PU/OGFC
shows better skid resistance than PU/AC. Apart from it, PUM also possesses higher noise absorption
performance, especially for PU/OGFC, which cannot be influenced obviously by R.

4) From the safety aspect of tunnel pavement, PUM has an excellent flame retardant performance, such
as longer ignition time (TTI) and burning duration, lower heat release rate (HRR) but higher total heat release
(THR), especially for PU/AC.

Given the mentioned excellent performance and poor water stability of PUM, future works may be
proposed as follows: 1) Study the long-term service performance of PUM and improve its weaknesses,
including the water stability; 2) Propose a kind of supporting construction technology of PUM; 3) Realize

the intelligent monitoring function of PUM.
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