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Abstract: To explore the effect of UV-curable polyurethane (UV-PU) on the self-healing performance
(SHP) of asphalt and asphalt mixtures, this article conducted research in this area of the evaluation
method and influenced the law. polyurethane (PU), Styrene-Butadiene-Styrene Block Copolymer (SBS
I-C) and 70* asphalt and asphalt mixtures were introduced as the example of comparison. A method
for evaluating the SHP of asphalt, sand asphalt mixture, and medium particle asphalt mixture using
the healing index (HI) as an evaluation index was proposed, and the healing performance of various
materials under different healing conditions was tested and analyzed. The research results indicate
that, HI based on asphalt complex shear modulus (HI,), HI based on sand type asphalt mixture
(AC-5) flexural tensile strength (HI4c_5), and HI based on medium grained asphalt mixture (AC-16)
bending stiffness modulus (S) HI4c.1¢ can effectively reflect the SHP of asphalt, AC-5, and AC-16
under different healing conditions, and can be used as an evaluation indicator for SHP. The asphalt
SHP is related to the asphalt type and the degree of initial loss and is highly correlated with the
healing time. Compared to other asphalt types, the sensitivity of UV-PU or PU modified asphalt to
initial loss is lower than that of SBS I-C modified asphalt, but higher than 70¥ asphalt. Under the same
light healing time and initial degree of loss, the SHP of UV-PU modified asphalt AC-5 and AC-16 is
significantly superior to other types of asphalt mixtures. Compared to asphalt, the self-healing time
of AC-5 grade AC-16 is longer. The SHP of AC-16 is highly correlated with the loss degree associated
with the initial S. The larger the initial loss degree of the S, the greater the loss rate of the HI.

Keywords: UV-PU modified asphalt; self-healing performance; healing index; complex shear modulus;
bending stiffness modulus

1. Introduction

Crack disease is a common types of asphalt pavement disease. The self-healing
technology for road surface cracks is mainly divided into two types: active self-healing
and passive self-healing [1]. Active self-healing generally increases temperature by adding
conductive particles to the binder and using induction energy and locally heating asphalt
concrete to improve its performance. Passive self-healing generally involves embedding
microcapsules containing chemicals in the binder. When micro cracks begin to appear in the
binder, they can cause loss to the capsule, causing the chemicals to diffuse into the binder,
thereby repairing the material and improving the healing rate of asphalt [2]. Scholars have
also proposed the concept of automatic healing [3-5]. Aasphalt and asphalt mixture have

Buildings 2023, 13, 1277. https:/ /doi.org/10.3390/buildings13051277

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings13051277
https://doi.org/10.3390/buildings13051277
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-5480-5010
https://doi.org/10.3390/buildings13051277
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13051277?type=check_update&version=1

Buildings 2023, 13, 1277

20f15

a certain SHP under certain temperature and time conditions. However, how to improve
SHP has become a challenge for road workers [6-8].

Polyurethane (PU) is a polymer containing repeated carbamate groups in the molec-
ular chain segment. Carbamate is usually obtained by the reaction of isocyanate and
alcohol, and polyurea is obtained by the reaction of a polyisocyanate polyamine is also
a polyurethane material in a broad sense [9-12]. PU resin has a series of excellent prop-
erties. It is a thermosetting resin that can greatly improve the pavement performance of
asphalt [13]. Moreover, PU can react with various compounds, which helping to reduce
the segregation of SBS. UV-curable polyurethane (UV-PU) materials utilize the photosensi-
tivity of UV initiators (photosensitizers) to form excited ecological molecules under UV
light irradiation, decompose into free radicals or ions, and undergo chemical reactions
such as polymerization, grafting, and crosslinking of unsaturated organic compounds in
polyurethane materials to achieve curing [14-18]. UV curing technology is widely used
in the field of UV-PU coatings. Research has shown that UV-PU coatings have excellent
self-healing properties [19-22]. With the gradual application promotion of UV-curable
polyurethane in asphalt, its improvement in SHP of asphalt has gradually attracted the at-
tention of industry professionals [23,24]. Research has shown that UV-curable polyurethane
is a polyurethane containing exocyclic butane substituted chitosan groups [25,26]. Under
the action of UV light, its internal chitosan ring will open and generate free radicals, which
can bond with the free radicals generated during loss to achieve self-healing [27-30]. How-
ever, there are few effective references available, which has caused certain difficulties for
research in this field.

In short, there are still several unresolved issues in the research field.

(1) Lack of evaluation methods and indicators for the SHP.

(2) The effect of UV-PU on the SHP is not yet clear.

(3) The influencing factors and patterns of the SHP of UV-PU modified asphalt and
asphalt mixtures are not yet clear enough.

Based on the above background, to explore the effect of UV-PU on the SHP, this
article conducted research in this area of the evaluation method and influenced the law.
PU, SBS I-C and 70% asphalt and asphalt mixtures were introduced as the example of
comparison. A method for evaluating the SHP of asphalt, sand asphalt mixture, and
medium particle asphalt mixture using the HI as an evaluation index was proposed. HI
based on asphalt complex shear modulus (HI4), HI based on sand type asphalt mixture
(AC-5) flexural tensile strength (HI4c.5), and HI based on medium grained asphalt mixture
(AC-16) bending stiffness modulus (S) HI4c.16 were used to reflect the SHP of asphalt,
AC-5, and AC-16 under different healing conditions.

2. Materials and Methods
2.1. Materials

PU and UV-PU are provided by Zibo Hengjing PU Technology Co., Ltd. (Zibo,
China). The technical specifications of polyurethane are shown in Table 1, and the technical
specifications of UV-PU are shown in Table 2. Asphalt is provided by Shandong Expressway
Group (Jinan, China), and the technical indicators are shown in Table 3. The aggregates
are provided by Shandong Jiugiang Group (Zibo, China), and the technical indicators are
shown in Table 4.

The preparation process of PU modified asphalt and UV-PU modified asphalt is as
follows: a certain amount of modifier is added to asphalt at 145 °C, cut at a shear rate of
1500 r/min for 30 min. Then the temperature is raised to 175 °C, and the asphalt is cut at a
rate of 5000 r/min for 45 min to obtain PU modified asphalt or UV-PU modified asphalt. In
this paper, the content of PU or UV-PU is both 5% of the mass of asphalt. Figure 1 shows
the preparation process.
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Table 1. Technical performance of PU.
Technical Performance Measured Value Test Method
NCO content, % 5.9 ASTM D5155
85 °C Viscosity, MPa - s 958 ASTM D4889
Gelation time, min 6.8 GB/T 24148.7-2014
Hardness, Shore A 96.3 GB/T 531-1999
Tensile strength, MPa 58 GB/T 528-2009
Rebound, % 23 GB/T 1681-2009
Density, g/cm3 1.27 ASTM D891
20 °C State of matter white solid
Table 2. Technical performance of UV-PU.
Technical Performance Measured Value Test Method

Hardness, Shore A
Tensile strength, MPa

Elongation at break, mm - mm™

Breaking strength, MPa - s

55.3
247
3.24
5.78

GB/T 531-1999
GB/T 528-2009
GB/T 528-2009
GB/T 529-2008

Table 3. Technical performance of asphalt.

Testing Items 70* SBSI-C
Penetration at 25 °C, 0.1 mm 74.2 68.8
Ductility at 5 °C, cm _ 45.6
Softening point at, °C 475 72.3
Ductility at 10 °C, cm 29.7 —_
Mass change, % —-0.2 0.1
1 Residual ductility at 10 °C, % 15.8 —_—
RTFOT Residual ductility at 5 °C, % —_ 28.3
Residual penetration ratio at 25 °C, % 71.7 76.2

1 RTFOT: Rotating thin film heating test.

Table 4. Technical performance of aggregates.

Aggregate Type Technical Indicators Measured Value
Soundness, % 7.8
Sand equivalent, % 72.7
Fine aggregate Mud content, % 1.2
Methylene blue value, g/kg 14.3
Angularity, s 18.1
Los Angeles abrasion loss, % 8.2
Crushing value, % 10.1
Coarse aggregate Water absorption, % 0.44
Needle and flaky content, % 5.5
Soundness, % 7.3

2.2. Evaluation Method and Test Design for SHP

2.2.1. Evaluation Method and Test Design of Asphalt SHP

The 70* asphalt and PU or UV-PU were used to prepare the PU or UV-PU modified
asphalt, the time scanning was performed on the asphalt using a dynamic shear rheometer
(DSR). The control mode was strain control, with a loading frequency of 10 Hz, strain
control of 10%, the thickness of asphalt was 2 mm, and loading temperature is 20 °C. The
test was conducted by loading, healing, and loading methods. When the loss values of
the asphalt complex modulus (G*) reached 20%, 40%, and 60%, the loading was stopped.
Then, the asphalt was given healing times of 10, 20, and 30 min, respectively. G* was tested



Buildings 2023, 13, 1277

40f 15

separately, as shown in Figure 2, the healing status was evaluated according to Equation (1).
The same test also applies to SBS I-C and 70* asphalt.

G i j— G
Hlij = ————————— x100% 1
A G*O — G*l—i X ( )
where HI, is the HI of asphalt, %, G*y is the initial G* of asphalt, Pa, G*;_; is the G*
of asphalt after experiencing a certain modulus loss, Pa, i = 1, 2, 3, G*1_1 = 80%G"y,
G*12 = 60%G"o, G*1-3 = 40%G"o, G*»_;_ is the G* of asphalt after T; healing, Pa.

PU or UV-PU

145°C modified asphalt
Figure 1. The preparation process PU or UV-PU modified asphalt.
A
i=1,23
. G*l-l =80% G*O
G 0 G*l_z =60% G*O
G*1_3 =4:0% G*O
v .
T, =123 G2y
. T; = 10min
T, = 20min i
i T3 = 30min
G Gy R
’ Time

Figure 2. Asphalt self—healing test.

2.2.2. Evaluation Method and Test Design of Sand-Type Asphalt Mixture SHP

The 70%, SBS, PU, and UV-PU modified asphalt and aggregates were used to prepare
sand-type asphalt mixture AC-5 rutting board, respectively. The grading of AC-5 is shown
in Figure 3. After 24 h of free cooling of the rut board, the cutting machine was used to
prepare a size 250 mm X 30 mm x 35 mm small beam specimen.

According to “Standard Test Methods of Bitumen and Bituminous Mixtures for High-
way Engineering (JTG E20-2011)”, the bending test was conducted at 15 °C, the load at
which the specimen undergoes failure cracks was recorded, and the flexural tensile strength
(Rpp) was calculated. Then turn on the fluorescent lamp to irradiate the specimen at an
intensity of 27.58 W/m? for 1 h, 3 h, and 6 h, respectively, to promote crack healing. The
fluorescent lamp simulates the full band of sunlight, including UVA (8.5%), UVB (0.2%),
visible light (43%), and infrared light (48.3%). Then repeat the low-temperature bending test
to obtain the load at which the failure crack occurs again and calculate the flexural tensile
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strength (Rp;_;), as shown in Figure 4, and evaluate the healing of the asphalt according to
Equations (2)-(4).
3 X L X Pp

Roo = bkt @
3xLx PBO—i

ot = et ®

Hljcs = Rﬁ;gi x 100% (4)

where Hl 5 is the HI of AC-5, %, Rpy is the bending tensile strength at failure of AC-5,
MPa, Rp;_; is the flexural tensile strength when it is re lossd after T; time (T}, i = 1,2, 3,
Ty = 1h, T, = 3h, T3 = 6h,) of healing, MPa, Pp is the maximum load at which the specimen
fails, N, Ppg_; is the maximum load at which failure occurs again after T;-time healing, N, b
is the width of the mid-span section of the specimen, mm; / is the mid-span height of the
specimen, mm; L is the span of the specimen, mm.

100

90 —e—Composite grading

80 -
70
60 |
50
40
30

—B-Upper limit of grading

—a—Lower limit of grading

Percentage passing (%)

20
10

0 |
9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Sieve size (mm)

Figure 3. The grading of AC-5.

Load Load
50 mm/min 3 xL xPgq 50 mm/min 3 xLxPgg_;
B0 = 252 Rovi = e
250 mmx=30 mm x 35 mm
(¥ )
/

K
A
4

2758W/m3 Ty, i =1,2,3,
T; =1h, T, = 3h, T3 = 6h

Figure 4. AC-5 self-healing test.

2.2.3. Evaluation Method and Test Design of Medium Grained Asphalt Mixture SHP

The 70%, SBS, PU, and UV-PU modified asphalt and aggregates were used to prepare
sand-type asphalt mixture AC-16 rutting board, respectively. The grading of AC-16 is
shown in Figure 5. After 24 h of free cooling of the rut board, the cutting machine was used
to prepare a size 380 mm x 50 mm x 63 mm small beam specimen.
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100
90
80
70
60
50
40

—e—Composite grading
—8-Upper limit of grading

—a—Lower limit of grading

Percentage passing (%)

20

10

19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Sieve size (mm)

Figure 5. The grading of AC-16.

Four point bending fatigue test was conducted on AC-16 small beam specimens at
15 °C, with a controlled strain of 500 x 10~°, loading frequency 10 Hz. Stop the test when
the loss of stiffness modulus (S) reaches 20%, 40%, and 60%, respectively. Then turn on the
fluorescent lamp to irradiate the specimen at an intensity of 27.58 W/m? for 8 h, 16 h, and
24 h, respectively, to promote crack healing. Then conduct the bending fatigue loading test
again to test its S, as shown in Figure 6, and calculate the HI according to Equation (5).

Spp—i — Sp—i

Hlicq6 =
A1 T S = Sh

%X 100% (5)
where Hlgc 16 is the HI of AC-16, Sy is the reference S of AC-16, Pa, S41_; is the preset S
after loss, Pa,i =1, 2, 3, Sy1_1 = 80%S;9, Sy1_2 = 60%S;9, Si1—_3 = 40%S;9, StZ—i—j the S
when it is re lossd after Titime(T;, j=1,2,3 T = 8h, Ty = 16h, Tz = 24h,) of healing,
Pa, 010, 01—, 0pp—i—j are the maximum tensile stresses under corresponding conditions,
respectively, N, €10, €11, €12 are the maximum tensile strains, m/m.

380 mmx50 mm x 63.5 mm 380 mmx50 mm x 63.5 mm

Midpoint Midpoint

" 80 mm 90 mm 90 mm 80 mm 80 mm | 90 mm 90 mm 80 mm
20 mm 20mm 20 mm @ 20 mm
- 27.58 W/m?
t1-i . ;
St1-i =——» i=123 T j=123
Et1-i T, = 8h
St1-1 = 80%Syo, St1-2 = 60%S¢o, T 1_ 16h
St1-3 = 40%Syo 2-
T, =24h
- Midpoint -
Sta—i—j — St1-i 0
Hlgo 1 = o=l "7 5 100% |«
Sto = St1-i e e - ma
80mm | 90 mm 90 mm 80 mm
20 mm @ 20 mm
Cirioj
‘ Streiej =—2,,

i=1,23
Et2—i-j

Figure 6. AC-16 self-healing test.
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3. Self-Healing Performance
3.1. SHP of Asphalt

The PU and UV-PU modified asphalt with a content of 5% were prepared. Different
types of asphalt were conducted DSR time scans. Due to the inability to apply light to the
asphalt during the DSR test, only the asphalt type and the healing time are analyzed in the
testing of asphalt healing performance. Figure 7 shows the test results of asphalt with a
20% loss of G* under different asphalt types and healing times.

100
90
80
70

70#
B PU
UV-PU

HI, (%)

= SBS I-C

10 20 30

Healing time (min)

Figure 7. HI under 20% loss of G*.

The PU or UV-PU modified asphalt with a content of 5% were prepared. Different
types of asphalt were conducted DSR time scans. Due to the inability to apply light to the
asphalt during the DSR test, only the type of asphalt and the healing time are analyzed in
the testing of asphalt healing performance. Figure 7 shows the test results of asphalt with a
20% loss of G* under different asphalt types and healing times.

Figure 7 shows that when a 20% loss in the G*, after a certain period of healing, the G*
of asphalt has been restored, and with the extension of healing time, the HI first increases
and then tends to stabilize. The HI of the same type of asphalt is similar when the healing
time is 20 min and 30 min. For the different types of asphalt, there is a certain difference in
the HI under the same healing time. When using the HI as an evaluation index to evaluate
the asphalt SHP, asphalt SHP of varies from large to small, SBS I-C-modified asphalt > PU
modified asphalt ~ UV-PU modified asphalt >70* asphalt.

The test results of asphalt G* loss of 40% under different types of asphalt and different
healing times are shown in Figure 8.

Figure 8 shows that when a 40% loss in the G* of asphalt, after a certain period of
healing, the asphalt G* can still be restored. However, compared to a preset loss of 20%, the
HI of various types of asphalt has significantly decreased, and the HI of the same asphalt
at 20 and 30 min of healing time is still similar. The healing indices of SBS I-C, PU or
UV-PU modified asphalt is basically at the same level at the same healing time. When
using the HI as an evaluation index to evaluate the asphalt SHP, the SHP of asphalt varies
from large to small, SBS I-C-modified asphalt ~ PU modified asphalt ~ UV-PU modified
asphalt >70% asphalt.

The test results of asphalt G* loss of 60% under different types of asphalt and different
healing times are shown in Figure 9.
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Figure 8. HI under 40% loss of G*.

B70¢#¢ @ru UV-PU ASBSI-C

e et e e s e o
e e e e e o

10 20 30

Healing time (min)

Figure 9. HI under 60% loss of G*.

Figure 9 shows that when the G* of asphalt is lost by 60%, the healing performance of
the G* of asphalt significantly decreases, and the HI of the same asphalt at healing times
of 20 and 30 min is still similar. The healing performance of SBS I-C is significantly lower
than that of PU or UV-PU modified asphalt, but still higher than that of 70 asphalt. When
using the HI as an evaluation index to evaluate the asphalt SHP, the asphalt SHP varies
from large to small, PU modified asphalt ~ UV-PU modified asphalt > SBS I-C-modified
asphalt >70* asphalt. PU or UV-PU additives didn’t change the chemical structure of virgin
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asphalt. The modification effect on asphalt can be attributed to the two-phase structure
of the PU or UV-PU molecular chain. The significant improvement in the elastic recovery
performance of asphalt is the reason why the self-healing performance of PU or UV-PU
modified asphalt exceeds that of SBS I-C-modified asphalt under specific conditions [31].

The temperature and lighting conditions definitely have an impact on the healing
performance. In this paper, in order to avoid the impact of temperature and lighting
conditions changes on the research results, a method of controlling temperature and
lighting conditions was adopted for the same type of material. The phenomenon indicates
that without the influence of external light, and temperature changes, the SHP of asphalt
is related to the asphalt type and the degree of initial loss and is highly correlated with
the healing time. It can be seen from the sample in this paper that when the healing time
reaches 20 min, asphalt with different types and initial complex shear modulus loss all
reach the maximum HI. The greater the degree of initial G* loss, the smaller the HI of
asphalt. To explore the relationship between the degree of initial G* loss and the SHP
of asphalt more clearly, this paper proposes the concept of HI loss rate and establishes a
relationship curve between the degree of G* loss and the HI loss rate based on test results,
as shown in Figure 10.

100
90 —&—70#-10min —4— 70#-20min
80 —¥— 70#-30min ——PU-10min
70
X 60 —4&— PU-20min —*%—PU-30min
= 50
© 40
L
< 30
=
S 20
©
210 %—
& 0
20 25 30 35 40 45 50 55 60
Initial degree of damage (%)
(a)
100
90 UV-PU-10min UV-PU-20min
80 UV-PU-30min ——SBS I-C-10min
70
60 —4&—SBS [-C-20min —%— SBS [-C-30min

Reduction rate of HI, (%)

60

31
a1

Initial degree of damage (%)

(b)

Figure 10. Relationship between HI loss and initial loss degree, (a) 70* asphalt and PU modified
asphalt; (b) UV-PU modified asphalt and SBS I-C modified asphalt.

Figure 10 clearly shows the influence of the initial loss degree of complex shear
modulus on the HI loss rate. As the initial loss degree increases, the HI loss rate rapidly
increases. When the initial loss degree is 20%, the HI loss rate of various types of asphalt
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with different healing times ranges from 5% to 30%. This range reaches 20-50% when the
initial loss level reaches 40%, and surges to 60-90% when the initial loss level reaches 60%.
Compared to other asphalt types, 70% asphalt has the least sensitivity to the initial loss
degree, and SBS I-C-modified asphalt has the highest sensitivity to initial loss among the
tested asphalt types.

3.2. AC-5 SHP

This article selects AC-5 as the representative structure of a sand-type asphalt mixture.
The different types of asphalt and aggregates were used to prepare sand-type asphalt
mixture AC-5 small beam specimen. A low temperature bending test was conducted on
the specimen. During this period, a fluorescent lamp was used, and the specimen was
irradiated at 27.58 W/m? for 1 h, 3 h, and 6 h to promote crack healing. The HI of AC-5
was tested and calculated. Figure 11 shows the test results.

100

95
90 o
QR |
5 =
80 o
- = 70#
= 70 e .
"}5 I.I
2 s = UV-PU
T =
60 ata @ SBS 1-C
]
55 e
50 =

Healing time (h)

Figure 11. HI of AC-5.

Figure 11 shows that under the same light healing time, there is a significant difference
in the HI of different types of AC-5, AC-5 with UV-PU modified asphalt significantly supe-
rior to other AC-5 types. When using the HI as an evaluation index to evaluate the SHP of
AC-5, the SHP of AC-5 varies from large to small, UV-PU modified asphalt AC-5 > PU mod-
ified asphalt AC-5 ~ SBS I-C-modified asphalt AC-5 > 70* asphalt AC-5. The outstanding
SHP of AC-5 with UV-PU modified asphalt indicates that UV-PU modifiers play a certain
role under the action of light. The mechanism is that the fluorescent lamp contains 8.5%
UVA and 0.2% UVB. Under the action of these ultraviolet lights, the chitosan ring inside
the UV-PU will open and generate free radicals, which can bond with the free radicals
generated during loss to achieve self-healing.

In addition, AC-5 self-healing requires more time compared to asphalt. During the
test, it was found that within 6 h of light self-healing, the HI of AC-5 significantly increased
with the prolongation of healing time. The HI of AC-5 prepared with different asphalt
types (UV-PU, PU, SBS I-C and 70#) at 1 h healing time were only 73.3%, 63.2%, 65.4%,
and 57.3%, while these values increased to 94.6%, 89.6%, 90.2%, and 84.1% at 6 h healing
time. This phenomenon suggests that sufficient healing time is the basic guarantee for the
healing effect after the appearance of microcracks in AC-5.

3.3. AC-16 SHP

This article selects AC-16 as the representative structure of a medium grained asphalt
mixture. The different types of asphalt and aggregates were used to prepare sand-type
asphalt mixture AC-16 small beam specimen. Four-point bending fatigue testing was
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constructed on AC-16 small beam specimens. The 20% loss of S (S) was used as the
test reference condition, and specimens were irradiated with a fluorescent lamp with an
irradiation intensity of 27.58 W/m? for 8 h, 16 h, and 24 h to promote healing. Then, a
bending fatigue loading test was conducted again to test and calculate the HI of AC-16.
The test results are summarized in Figure 12.

100
95
90
o
= 85 | |}
= E; 01 70#
o 80 | M
; :l:l l:l: B PU
= 75 fus o
T I:I: :I:I UV-PU
70 s e
= SBS I-C
65 E
)
60 ] Cu

8 16 24
Healing time (h)

Figure 12. HI under 20% S loss (AC-16).

Figure 12 shows that at a 20% initial S loss level, after a certain healing time, the S
of AC-16 shows a certain recovery. When it is reflected in the HI, it shows an increase
in numerical value, and the longer the healing time, the greater the HI. With the action
of the self-healing function of UV-PU Under ultraviolet light, at the same healing time,
UV-PU modified asphalt mixture has the highest HI. When using the HI as an evaluation
index to evaluate the SHP of AC-16, the SHP of AC-16 varies from large to small, UV-PU
modified asphalt AC-5 > PU modified asphalt AC-5 ~ SBS I-C modified asphalt AC-5 > 70*
asphalt AC-5.

The 40% loss of S was used as the test reference condition, and specimens were
irradiated with a fluorescent lamp with an irradiation intensity of 27.58 W/m? for 8 h, 16 h,
and 24 h to promote healing. Then, a bending fatigue loading test was conducted again to
test and calculate the HI of AC-16. Figure 13 shows test results.

1 70#
@PU

H[/\C—I(% (%)

UV-PU
ASBS I-C

e

8 16 24
Healing time (h)

Figure 13. HI under 40% S loss (AC-16).
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Figure 13 shows that at a 40% initial S loss level, the HI of various asphalt mixtures
shows a significant decrease compared to a 20% initial S loss. However, after a certain
healing time, their S still shows some recovery. The advantage of the UV-PU modified
asphalt mixture HI is significant, and its value can still be maintained at around 85% after
24 h of healing time. In addition, the other rules are similar to the initial S of 20% and will
not be repeated.

The 60% loss of S was used as the test reference condition, and specimens were
irradiated with a fluorescent lamp with an irradiation intensity of 27.58 W/m? for 8 h, 16 h,
and 24 h to promote healing. Then, a bending fatigue loading test was conducted again to
test and calculate the HI of AC-16. Figure 14 shows test results.

100
90
80 ‘
I 704
< 70
S~ :[ @EPU
g o UV-PU
o0 s mSBS I-C
: s
40 : : M4
+* +* *
+* +* *
30 * * +
8 16 24

Healing time (h)

Figure 14. HI under 60% S loss (AC-16).

Figure 14 shows that at the initial S loss level of 60%, the HI of various asphalt mixtures
decreases significantly compared to the initial S loss levels of 20% and 40%. After a certain
healing time, the advantage of UV-PU modified asphalt mixture HI is significant, and
the HI of PU modified asphalt mixture is higher than that of the SBS I-C at each healing
time. When using the HI as an evaluation index to evaluate the SHP of AC-16, the SHP of
AC-16 varies from large to small, UV-PU modified asphalt AC-5 > PU modified asphalt
AC-5 > SBS I-C modified asphalt AC-5 > 70* asphalt AC-5.

This phenomenon indicates that the SHP of asphalt mixtures is related to the asphalt
mixture types and the healing time, and is highly correlated with the degree of loss to the
initial S. In order to explore the relationship between the degree of the initial S loss and the
SHP of asphalt mixtures more clearly, this paper establishes a relationship curve between
the degree of the initial S loss and the self-HI loss rate based on the concept of HI loss rate,
as shown in Figure 15.

Figure 15 clearly shows the relationship between initial S loss and HI loss rate. As
the initial S loss increases, the loss rate of the HI rapidly increases. When the initial loss is
20%, the HI loss rate of various types of asphalt mixture with different healing times ranges
from 5% to 20%. This range reaches 10-30% when the initial loss reaches 40%, and surges
to 80-90% when the initial loss reaches 60%. However, the 70% asphalt mixture is relatively
special. From the test results, it is not sensitive to the initial loss, and the highest HI loss
rate does not exceed 40%, which is far lower than other asphalt mixture types. The other
three asphalt mixture types show similar performance.
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Figure 15. The relationship between the loss of AC-16 HI and the degree of initial S loss, (a) 70#
asphalt mixture and PU modified asphalt mixture, (b) UV-PU modified asphalt mixture and SBS I-C
modified asphalt mixture.

4. Conclusions

This paper conducted research on the evaluation method and influence factor of the
SHP of UV-PU modified asphalt and asphalt mixtures. To make the research compara-
ble, PU, SBS I-C and 70* asphalt and asphalt mixtures were introduced as the example
of comparison. A method for evaluating the asphalt SHP, sand asphalt mixture, and
medium particle asphalt mixture using the HI as an evaluation index was proposed, and
the healing performance of various materials under different healing conditions was tested
and analyzed.

(1) HIbased on asphalt complex shear modulus (HI,4), HI based on sand type asphalt
mixture (AC-5) flexural tensile strength (HI4c_5), and HI based on medium grained
asphalt mixture (AC-16) S HI4¢.14 can effectively reflect the SHP of asphalt, AC-5, and
AC-16 under different healing conditions, and can be used as an evaluation indicator
for SHP.

(2) Without the influence of external light, and temperature changes, the SHP is related
to the type of asphalt and the degree of initial damage and is highly correlated with
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the healing time. The asphalt with different types and initial complex shear modulus
loss all reach the maximum HI when the healing time reaches 20 min.

(3) The greater the initial loss of asphalt’s initial G*, the faster the loss rate of the HI
increases. Compared to other types of asphalt, the sensitivity of UV-PU modified
asphalt and PU modified asphalt to initial loss is lower than that of SBS I-C modified
asphalt, but higher than 70% asphalt.

(4) Under the same light healing time and initial degree of loss, the SHP of UV-PU modi-
fied asphalt AC-5 and AC-16 is significantly superior to other types of asphalt mixtures.
Compared to asphalt, the self-healing time of AC-5 grade AC-16 is much longer.

(5) The AC-16 SHP is highly correlated with the initial S loss. The larger the initial loss
degree of the S, the greater the loss rate of the HI.
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