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Abstract: The viscosity-time curve of a single-component
polyurethane (PU) was examined to determine the mixing and
compacting temperatures of its mixture and investigate the
curing and mechanical properties of single-component PU
porous elastic mixture (PPEM). The curing properties of the
single-component PU and PPEM were studied with Fourier
transform infrared spectroscopy ( FTIR) and Marshall test.
The mechanical properties of PPEM were explored via the
following tests:
Marshall stability test, freeze-thaw splitting test, and Cantabro
test. The effects of a water bath on the stability of aggregate-
PU/ asphalt mortar-aggregate systems were evaluated through a
pull-out test and a shear test. The results show that the
recommended mixing temperatures of toluene diisocyanate and
methylene diphenyl diisocyanate range from 75 to 80 C and
from 64 to 68 C, respectively. Room temperature (25 C)
can be adopted as the compacting temperature of PPEM.
PPEM can be fully cured in 4 d. Nevertheless, the water
sprinkle method can obviously shorten the full curing time of
PPEM. PPEM exhibites good resistance to rutting, brittle
cracking, and raveling. The adhesive and shear strength of
aggregate-PU/asphalt mortar-aggregate systems are negatively
related to water bath duration.
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olyurethane ( PU) is commonly used as a binder of
P porous elastic mixtures. After being heated to 60 to
80 C, it can be mixed with aggregates'". For asphalt
binders, the temperature of PU is normally higher than
120 C, which increases fuel consumption and exacer-
bates air pollution'”. PU binders have two types, name-
ly, two- and single-component PU"™". Two-component
PU is formed through a reaction between polyol and iso-
cyanate'” . After being cured for about 40 min, two-com-
ponent PU has a fast curing speed, and the viscosity of
PU binders can reach above 3 000 mPa « s""*’. In China,
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the distance from a mixture fabricating station to a paving
field is normally greater than 10 km, and transporting
mixtures by a truck takes more than 2 h'>’. This observa-
tion indicates that the curing speed of two-component PU
is too fast for paving in China. The workability of single-
component PU is obviously better than that of two-com-
ponent PU, and its viscosity can be easily controlled by
temperature during paving. Therefore, single-component
PU is commonly used as a binder of mixtures in porous
elastic pavement engineering.

Few studies have been performed on the curing proper-
ties of PU""'. Dong et al. """ used FTIR, Raman, and
DSC to characterize the chemical structure of PU. Das et
al. '™ investigated the curing properties and nanocompos-
ites of PU and obtained curing performance based on the
time of “dry to touch” and “dry to hard.” They also
used two curing reaction kinetic models to calculate the
activation energy of PU.

Porous elastic mixtures contain basalt aggregates, rub-
ber aggregates, and PU binders. Studies on two-compo-
nent PU adhesive porous elastic mixtures have mainly fo-
cused on mechanical properties'”’. Wang et al. '™ pre-
pared a porous elastic road surface with a rubber aggre-
gate and two-component PU and examined the absorption
coefficient of a porous elastic road surface through acous-
tic experiments. Li et al. '’ compared the microscopic,
functional, and mechanical performance of the porous
mixtures bonded with PU with those of mixtures bonded
with an asphalt binder. They also studied the adaptability
of the porous elastic road surface to the mechanical and
functional properties of urban roads in cold regions
through experimental and numerical simulation.

This study was conducted to investigate the mechanical
properties of a single-component PU porous elastic mix-
ture (PPEM). The viscosity-time curve of single-compo-
nent PU was measured to determine the mixing and com-
pacting temperatures. The curing properties of single-
component PU and PPEM were evaluated through FTIR
and Marshall tests. The mechanical properties of PPEM
were evaluated through the following tests: rutting test,
3-point-bending test, soaked Marshall stability test,
freeze-thaw splitting test, and Cantabro test. The effects
of a water bath on the stability of aggregate-PU/asphalt
mortar-aggregate systems were explored through pull-out
and shear tests.
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1 Viscosity of Single-Component PU

Two kinds of PU, namely, PU-| and PU-1II , were
adopted in this research. The main component and basic
properties of PU- [ and PU-1I are shown in Tab. 1.

Tab.1 Main component and basic properties

PU type PU- [ PU-1I

. Toluene Methylene diphenyl
Main component .. -
diisocyanate diisocyanate

Mass fraction of

. 48.2 33.5

isocyanate group/ %

Formula weight 174.20 250.26
Relative density 1.480 1.325

According to the JTG E20—2011 Standard Test Meth-
od of Bitumen and Bituminous Mixtures for Highway En-
gineering, the viscosity of the binder should be 150 to
190 mPa - s when the binder is mixed with aggregates,
but it should be 1 000 to 3 000 mPa - s when the mixture
is compacted in accordance with the JTG/T 3364-02—
2019 Specifications for Design and Construction of Pave-
ment on Highway Steel Deck Bridge. A Brookfield vis-
cometer was used to measure the viscosities of PU- [ and
PU-]I at different temperatures and examine the mixing
and compacting temperatures of single-component PU.
The viscosity-temperature curves of PU- [ and PU-][ are
shown in Fig. 1.
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Fig.1 Viscosity-temperature curves of PU- [ and PU- [

According to Fig. 1, the viscosities and temperatures of
PU-| and PU-II have a significantly negative correla-
tion. Moreover, the viscosities of PU- [ and PU-1I are
2 750 and 1 600 mPa -+ s at room temperature (25 C),
respectively. The viscosities of PU- [ and PU-1I are be-
tween 150 and 190 mPa - s when they reach their mixing
temperatures (75 to 80 C and 64 to 68 T, respective-
ly). In the following mixture fabrication, PU- [ and PU-
Il were first heated to 77 and 66 C, respectively. Then,
they were mixed with aggregates. The mixtures were
compacted at room temperature (25 C).

2 Curing Performance of Single-component PU
and PPEM

2.1 Fourier transform infrared spectrum ( FTIR) of
single-component PU

The absorbance of the key functional groups of single-
component PU under different curing times was deter-
mined through FTIR.
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where A,, A,, and A, are the peak areas of isocyanate,
urea, and benzene groups, respectively; I and U are the
isocyanate and urea indices, respectively.

The peak area ratio method was used to calculate I and
U according to Eqs. (1) and (2). Benzene was selected
as the reference group because it (1 599 cm™') does not
participate in the curing reaction of single-component PU.
The wave numbers of the isocyanate and urea groups are
2265 and 1 642 cm ™', respectively''® . In addition, the
curing duration for single-component PU was 7 d, the av-
erage temperature within 7 d was 16.2 C, and the aver-
age humidity was 40.9% (see Fig.2). The FTIR results
of single-component PU at different curing times are
shown in Fig. 3.
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Fig.3 Single-component PU under different curing durations

In Fig. 3, curing time negatively affected the isocya-
nate indices of PU- [ and PU-1[ but positively influenced
their urea indices. When curing was performed for more
than 4 d, the isocyanate and urea indices of PU-] and
PU-1I changed slightly. Therefore, PU-] and PU-II
were almost completely cured after 4 d of curing.

2.2 Marshall stability test on PPEM under room cu-
ring condition

The PPEM Marshall specimens were prepared on the
basis of the mixing and compaction temperatures of PU-
I and PU-1I. Specifically, PU-] and PU-]I were uti-
lized as binders, basalt and rubber were chosen as aggre-
gates, and the mixtures were numbered PPEM- [ and
PPEM-[I , respectively. The gradation of PPEM is shown
in Tab.2. The optimum PU content was 4. 5% . After the
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Marshall specimens were fabricated, the Marshall stability
test was carried out ( see Fig.4). The curing temperature
and humidity after 7 d were the same as those of FTIR.

Tab.2 Gradation of PPEM

Ageregate type .Sieve Weight
size/mm percentage/ %
13.20 5.9
Basalt aggregate 9.50 27.1
4.75 55.4
Rubber aggregate ? ?Z : ?
11 aPPEM- |
* PPEM-1I ‘

2 3 4 5 6
Curing time/d

Marshall stability/kN
[T BN

—

Fig. 4 Marshall stability of PPEM under room curing condition

In Fig. 4, the Marshall stability (MS) of PPEM had a
significantly positive correlation with curing time. Specif-
ically, Marshall specimens could not be demolded after
they were cured for 1 d at room temperature because they
did not bond. Moreover, the MS of PPEM-]| and
PPEM- ]I Marshall specimens after being cured at room
temperature for 2 d were higher than 3. 5 kN. Conse-
quently, they reached the stability requirements of OGFC-
13 in JTG F40—2004 Technical Specifications for Con-
struction of Highway Asphalt Pavements. The MS of
PPEM- | and PPEM-II changed slightly after 4 d of cu-
ring, and the coefficients of variation were 0. 022 and
0.019, respectively. Therefore, PPEM- | and PPEM- [
were almost completely cured after 4 d of curing. Under
the same room curing condition, the MS of PPEM-II
was lower than that of PPEM- | .

2.3 Marshall stability test on PPEM under fast curing

According to the curing conditions of PPEM at room
temperature, the curing speed of Marshall specimens is
slow, resulting in the delay of transportation service. Sin-
gle-component PU is produced using isocyanate and water
in the environment. As such, in this study, the water
sprinkle method was applied to improve the curing speed
of PPEM. After the completion of the PPEM Marshall
specimens, water was sprinkled on the upper and bottom
surfaces of the specimens ( see Fig.5). Moreover, the
water-PPEM mass ratios were 2.0% , 1.5% , 1.0% , and
0.5% . The Marshall specimens of PPEM were cured at
room temperature for 1 d. Then, the Marshall test was
taken after the specimens were sprinkled with water. The

> ’

measured results of Marshall stability are shown in Fig. 6.
In Fig. 6, curing time positively affected the MS of
PPEM. Under the same fast curing condition, the MS of

Top Water

- !
Vo H :'\
Water

Top  Steel mold

\

" Bottom
PPEM

—

Bottom
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Fig.6 Marshall stability of PPEM under fast curing conditions

PPEM- ]I was lower than that of PPEM-]. When the
water-PPEM mass ratio was 2% , the MS of PPEM- |
and PPEM- ]I was similar to that of the samples under the
room curing condition of 4 d. This result indicated that
PPEM- [ and PPEM-]l were almost completely cured.
Therefore, in the subsequent production of PPEM speci-
mens, the water sprinkle method was adopted to improve
the curing speed, and the water-PPEM mass ratio was
2% .

3 Mechanical Performance of PPEM

3.1 Experiments

In terms of the mechanical performance of PPEM, rut-
ting test, 3-point bending test, moisture susceptibility
test, and Cantabro test were conducted in accordance with
JTG E20—2011 Standard Test Method of Bitumen and
Bituminous Mixtures for Highway Engineering. The me-
asphalt concrete-13
(PAC-13), which was chosen as the reference group to
be compared with PPEM, was also examined. Specifical-
ly, SBS- and Tafpack Super ( TPS)-modified bitumens
were used as the asphalt binders of SBS-PAC-13 and
TPS-PAC-13, respectively. The gradation of PAC-13 is
shown in Tab. 3, and the optimum asphalt content was
4.5% .

chanical performance of porous

Tab.3 Gradation of PAC-13

Sieve size/mm

Passing percent/ %

16.00 100
13.20 94.8
9.50 55.7
4.75 17.4
2.36 13.4
1.18 11.8
0.60 9.1
0.30 7.4
0.15 5.9
0.075 4.8




Curing and mechanical property of single-component polyurethane porous elastic mixture 59

3.2 Results and discussion

The mechanical test results of PPEM and PAC-13 are
shown in Fig 7.
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Fig.7 Mechanical performance of PPEM and PAC-13. (a)
High-temperature stability; (b) Low-temperature crack resistance; (c)
Moisture susceptibility; (d) Raveling resistance

According to Fig. 7(a), the average dynamic stability
(DS) of PAC-13 is lower than that of PPEM. The high-
temperature stability of PPEM- [ is better than that of
PPEM-]I. Moreover, the average DS values of PPEM-
I are 5.3 and 4.6 times as high as that of SBS-PAC-13
and TPS-PAC-13, respectively. Therefore, PPEM has
good rutting resistance.

In Fig. 7(b), the flexural modulus of PPEM is lower
than that of PAC-13, whereas the maximum flexural
strain of PPEM is higher than that of PAC-13 because the
rubber aggregate is adopted in PPEM. It is more flexible

than basalt aggregate. Therefore, the flexibility and brit-
tle cracking resistance of PPEM are better than those of
PAC-13.

In Fig.7(c), the residual Marshall stabilities ( MSR)
of PPEM and PAC-13 are higher than 75% , which is the
criterion of MSR for OGFC-13 in JTG F40—2004.
PPEM- | has the lowest MSR, whereas the MSR values
of PPEM- [l , SBS-PAC-13, and TPS-PAC-13 are similar
(the coefficient of variation is 0. 018 ). This result indi-
cates that PPEM can be utilized in rainy areas. As for the
freeze-thaw splitting test results, the tensile strength ratio
(TSR) of PPEM is lower than that of PAC-13. The TSR
of PPEM is not greater than 70% , which is the criterion
of TSR for asphalt mixture in JTG F40—2004. There-
fore, PPEM is not recommended to be adopted in season-
al freezing areas.

According to Fig. 7(d) , the mass loss (R, ) of PPEM-
I is lower than that of PPEM- [l and PAC-13, indicating
that the raveling resistance of PPEM- | is better than that
of PPEM- Il and PAC-13. However, the mass loss of
PPEM- ][ is 1.6 times as high as the criterion (20% ) of
OGFC-13 in JTG F40—2004. Therefore, the adhesive
property of PU-II is worse than that of the three other
binders.

4 Effects of Water Bath on Stability of Aggre-
gate-PU/asphalt mortar-aggregate

According to the mechanical performance of PPEM,
the moisture susceptibility of PPEM is not as good as
PAC-13. Moisture susceptibility is usually affected by air
void ratio, rubber aggregate content, and mortar grada-
tion in mixtures. Our laboratory test revealed that the air
void ratios of PPEM (22% ) and PAC-13 (21% ) were
similar. The higher the rubber content is, the higher the
moisture susceptibility of the mixture will be''*’. There-
fore, the gradation of fine aggregates ( the maximum
sieve size of the mortar is 1. 18 mm) in the mixture may
significantly affect their moisture susceptibility because
PPEM has fewer fine aggregates than PAC-13.

The specimens for rubber-PU-rubber ( RPR), basalt-
PU-basalt (BPB) , rubber-PU-basalt (RPB) , and basalt-
asphalt mortar-basalt ( BAB) systems were fabricated to
investigate this conjecture, as shown in Fig. 8 (a). After
the RPR, BPB, and RPB specimens were fully cured,
the water bath conditioning test was conducted at 25 C,
and the maximum water bath duration of the four kinds of
bonding systems ( RPR, BPB, RPB, and BAB) was 5
d. Pull-out and shear tests ( six replicates for each group)
were conducted at 25 C to compare the stability of differ-
ent bonding systems, which are illustrated in Fig. 8 (b).
The average adhesive and shear strength of aggregate-
PU/asphalt mortar-aggregate systems are presented in
Fig. 9.
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Fig.9 Mechanical performance of aggregate-PU/asphalt mor-
tar-aggregate systems. (a) Adhesive strength; (b) Shear strength

According to Fig. 9, the adhesive strength and shear
strength of aggregate-PU/asphalt mortar-aggregate sys-
tems are negatively related to water bath duration. The
adhesive strength and shear strength of RPR and RPB are
lower than those of BPB. Moreover, RPR has the lowest
adhesive strength, whereas RPB has the lowest shear
strength. Furthermore, the adhesive strength and shear
strength of BPB are higher than those of BAB; however,
after 2 d in a water bath, the adhesive strength and shear
strength of BPB are lower than those of BAB. Therefore,
the effects of water baths on the bonding property of PU
are more obvious than those of asphalt mortar. As such,
the moisture susceptibility of PPEM is not as good as that
of PAC-13.

5 Conclusions

1) The mixing temperatures of PU- | and PU-1I are
from 75 to 80 C and from 64 to 68 T, respectively. The
mixture can be compacted at 25 C.

2) PPEM-1 and PPEM-]I are almost completely
cured after 4 d. When the water-PPEM mass ratio is 2% ,
the MS of PPEM- [ and PPEM-]| is similar to that of
the samples under the room curing condition for 4 d. The
water sprinkle method can obviously improve the curing
speed of PPEM.

3) PPEM has good resistance to rutting, brittle crack-
ing, and raveling. PPEM can be utilized in rainy areas,
but it is not recommended for seasonal freezing areas.

4) The adhesive strength and shear strength of aggre-
gate-PU/asphalt mortar-aggregate systems are negatively
related to water bath duration. The adhesive strength and
shear strength of RPR and RPB are lower than those of
BPB. RPR has the lowest adhesive strength, whereas
RPB has the lowest shear strength.
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