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Abstract: Porous asphalt (PA) mixtures are designed with a high air void (AV) (i.e., 18~22%) content
allowing rainwater to infiltrate into their internal structures. Therefore, PA mixtures are more sensitive
to moisture damage than traditional densely graded asphalt mixtures. However, the moisture damage
evolution of PA mixtures is still unclear. The objective of this study was to investigate the moisture
damage evolution and durability damage evolution of PA mixtures. The indirect tensile test (ITT),
ITT fatigue test, and Cantabro loss test were used to evaluate the moisture sensitivity and durability
of PA mixtures, and a staged ITT fatigue test was developed to investigate the damage evolutions
under dry and wet conditions. Indirect tensile strength (ITS), fatigue life, indirect tensile resilience
modulus (E), and durability decreased with the increment of moisture damage and loading cycles.
The fatigue life is more sensitive to the moisture damage. The largest decrements in ITS and E were
found in the first 3000 loading cycles, and PA mixtures tended to fail when the decrement exceeded
60%. Damage factors based on the ITS and E are proposed to predict the loading history of PA
mixtures. The durability damage evolution and damage factors could fit an exponential model under
dry conditions. Moisture had a significant influence and an acceleration function on the moisture
damage evolution and durability damage evolution of PA mixtures.

Keywords: porous asphalt mixtures; moisture sensitivity; moisture damage; damage evolution; durability

1. Introduction

Porous asphalt (PA) mixtures are formed by an open graded asphalt mixture with a
high air void (AV) content (i.e., 18~22%) and an open graded skeleton. PA mixtures have
the benefits of improving drive safety, mitigation of spray and hydroplaning, and noise
reduction [1,2]. Due to the frequent and direct exposure to water, PA mixtures are more
sensitive to moisture damage, and the distresses of raveling and stripping caused by mois-
ture damage are the main concerns during the application of PA mixtures [3-5]. Therefore,
evaluating the moisture sensitivity and understanding moisture damage evolution is of
great significance for the design of PA mixtures.

There are two categories of moisture sensitivity tests: one is performed on loose
asphalt mixtures and the other is conducted on compacted asphalt mixtures [6,7]. Static
immersion tests (AASHTO T182, ASTM D1664) [6,8], boiling water test (ASTM D3625) [9],
and dynamic immersion tests (WHI 90) [6] are the main tests performed on the loose
asphalt mixtures. These tests mainly involve coating aggregates with asphalt and being
immersed in water in a specified condition. Then, the loss percentage of asphalt stripped
off the aggregate was estimated and used to evaluate the moisture sensitivity. However,
studies have indicated that these test results are subjective when using a visual evaluation.
The surface energy theory test is a quantitative test used to characterize the moisture
damage of loose asphalt mixtures, and the adhesive bond energy between asphalt and
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aggregate were calculated [10,11]. In addition, Wang et al. [3] developed a binder bond
strength (BBS) test and modified BBS test to measure the adhesion and cohesion of asphalt,
mastic, and mortar in PA mixtures. The adhesion and cohesion can be used to evaluate the
moisture sensitivity of PA mixtures.

Moisture sensitivity tests for compacted asphalt mixtures involve a mechanical evalua-
tion of specimens before and after moisture damage. The modified Lottman test (AASHTO
T-283) [12], the indirect tensile test (ITT), and the immersion Marshall stability test are
common moisture sensitivity tests for compacted asphalt mixtures [13-19]. The dynamic
modulus test was performed to evaluate the moisture sensitivity of PA mixtures under
dry and wet conditions [20]. Furthermore, to better simulate the field moisture condition,
the immersion wheel tracking test and Hamburg wheel tracking test were designed to
test the asphalt mixtures in a water condition [6,21]. To simulate the pumping action, a
Moisture-Induced Sensitivity Tester (MIST) was designed to keep samples in a constant
temperature and pressure [14,22]. Among them, the ITT is the most widely used test for
evaluating the moisture sensitivity of PA mixtures [16,23]. The indirect tensile strength
(ITS) obtained from the ITT was compared in dry and wet conditions, and the tensile
strength ratio (TSR) of dry to wet was calculated to evaluate the potential moisture damage.
Poulikakos and Partl developed the coaxial shear test (CAST) to simulate field conditions
and evaluate the moisture sensitivity of PA mixtures based on a fatigue test [24,25]. The
results indicated that the effect of water immersion on PA mixtures is more pronounced
than on dense-graded asphalt mixtures.

Moisture damage plays an important role in the raveling of PA mixtures. Mo et al.
established a 2D and 3D Finite Element model to analyze the adhesion failure between
aggregate and bitumen [26,27]. Caro et al. developed a Finite Element model with Cohesive
Zone Elements to quantify the potential initiation of raveling of PA mixtures [28]. Zhang
et al. used 3D-MOVE tools and a homogenization technique to compute the stress and
strain in PA mixtures and analyze the raveling distress [29]. However, the moisture was not
taken into consideration in the numerical modeling. In addition, previous studies mainly
evaluated the moisture damage of PA mixtures by comparing the mechanical properties
before and after moisture sensitivity tests. The moisture damage evolution of PA mixtures
has not been experimentally elaborated, both in laboratory tests and numerical modeling.

The objective of this study was to investigate moisture sensitivity, moisture damage
evolution, and durability damage evolution of PA mixtures using laboratory tests. The
ITT and ITT fatigue test were applied to evaluate the moisture sensitivity of PA mixtures
under different wet conditions. A staged ITT fatigue test was developed to characterize the
moisture damage evolution of PA mixtures. Based on the results, the relationships between
ITS, indirect tensile resilience modulus, loading cycles, and durability are discussed in the
moisture damage process.

2. Materials

The PA mixtures used in the surface layer in China usually had a nominal maximum
aggregate size (NMAS) of 13.2 mm. A typical PA mixture with an NMAS of 13.2 mm
(PA-13) was investigated in this study. The gradation of PA-13 is shown in Figure 1. A
high viscosity modified asphalt (HVA) produced by SK energy company was used for
PA-13. The properties of HVA are listed in Table 1. Basalt was used for the coarse and
fine aggregates of PA-13. The optimum asphalt content is 4.8%, and the target AV content
is 20%.
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Figure 1. Gradation of PA-13.
Table 1. Properties of HVA.
Property Value
Penetration (25 °C, 100 g, 5 s) (0.1 mm) 42
Penetration index 0.12
Ductility (5 cm/min, 5 °C) (cm) 30
Soft point (TR&B) (°C) 91
Recovery of elasticity (25 °C) (%) 92
Dynamic viscosity (60 °C) (Pa-S) 143,202
Density (25 °C) (g/cm?) 1.031

Specimens were compacted by a Superpave gyratory compactor with 50 gyrations
to obtain the target AV content [30,31]. The height of the specimen is 63.5 mm, and the
diameter is 100 mm. At least three replicates were prepared for the ITT, Cantabro loss
test, and ITT fatigue test, and six replicated specimens were prepared for the staged ITT
fatigue test.

3. Methods

In this study, ITT and ITT fatigue tests were used to evaluate the moisture sensibility,
and the Cantabro loss test was performed to evaluate the durability of PA mixtures under
dry and wet conditions. In addition, a staged ITT fatigue test was developed to investigate
the damage evolutions of PA mixtures under dry and wet conditions.

3.1. ITT

ITT was performed on universal testing machine (UTM, IPC Global, Melbourne,
Victoria, Austrilia), and a diametral line load was applied on specimens with a displacement
of 50 mm/min until the maximum failure strength was reached. The ITS was calculated
based on Equation (1). ITT was performed under dry and wet conditions, and TSR was
calculated with Equation (2). For the dry condition, the specimens were placed in a
thermostatic chamber with a constant temperature of 20 °C for 4 h prior to testing. For the
wet conditions, the specimens were in a water bath at a constant temperature of 60 °C for
2 days (2 d), 4 days (4 d), 6 days (6 d), and 8 days (8 d). Then, the specimens were placed in
a water bath at 20 °C for 2 h prior to testing. China specified a wet condition that specimens
were immersed in a 60 °C water bath for two days to evaluate the moisture sensitivity
of asphalt mixtures [32]. In this paper, wet conditions of 4 d, 6 d, and 8 d with more
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serious moisture damage were evaluated to investigate the long-term moisture sensitivity

of PA mixtures. oF
ITS = =D 1)

where F is the maximum failure load, kN; & is the height of the specimen, mm; and D is the

diameter of the specimen, mm.
ITS gy

TTSwet’ @

where ITS gy is the ITT strength under dry condition, kPa; ITSy,; is the ITT strength under
wet condition, kPa.

TSR =

3.2. ITT Fatigue Test

The ITT fatigue test was used to evaluate the cracking resistance and moisture sensitiv-
ity of asphalt mixtures [33,34]. Cracking was mainly caused by the loss of adhesion between
aggregates and asphalt or loss of cohesion within asphalt [35,36]. It has the same failure
mechanism as with moisture damage. Therefore, the ITT fatigue test was used to evaluate
the moisture sensitivity of PA mixtures. As shown in Figure 2, specimens were located
between two loading strips with a concave surface, and two linear variable differential
transducers (LVDTs) were glued on the opposite sides of the horizontal diametral plan. The
horizontal deformation was measured by the LVDTs, and the horizontal permanent strain
(¢) was calculated based on Equation (3) when Poisson’s ratio was 0.35. The initial indirect
tensile resilience modulus (E() was defined as the indirect tensile resilience modulus (E) at
100 loading cycles and calculated by Equation (4).

e=217 3)

where AH is the horizontal deformation, mm.

~1000P(1 +3v)

Eg
€100

)

where P is the stress levels used in the ITT fatigue test, MPa; v is the Poisson’s ratio; and
e100 is the horizontal permanent strain at the loading cycle number of 100.

UTM actuator

Loading strips

Two LVDTs

Figure 2. ITT fatigue test.

There are two loading models for the ITT fatigue test. One is constant displacement
mode, where a cyclic constant displacement was applied on specimens until the specimens
failed. The other is constant loading mode, where a cyclic constant load was applied
on the specimens. The constant loading mode was selected in this paper because the
vehicle loading applied on the pavement was repetitive and the deformation was nonlinear.
Haversine cyclic loading was applied at a frequency of 10 Hz (0.1 s loading cycle) without a
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rest period. Several stress levels corresponding to 0.2, 0.25, and 0.3 of the ITS were selected
to be applied on the specimens. The ITT fatigue test was performed under the dry and
wet conditions (2 d, 4 d, 6 d, and 8 d), and the test temperature was 20 °C. Fatigue life
corresponded to the number of cycles when specimens completely failed.

3.3. Staged ITT Fatigue Test

To investigate the moisture damage evolution of PA mixtures, a staged ITT fatigue test
was developed. The ITT fatigue test was applied for 3000 cycles, 6000 cycles, 9000 cycles,
and 12,000 cycles under dry and wet conditions (2 d), respectively. Six replicated specimens
were prepared for each test, and the test program is shown in Table 2. After the staged
ITT fatigue test, ITT and Cantabro loss tests were performed on the tested specimens. The
six replicated specimens include three specimens for the ITT and three specimens for the
Cantabro loss test. Before the staged ITT fatigue test, the location of the loading strips
on the specimen was marked and used for the following ITT. The residual ITS, E, and
durability were used to investigate the moisture damage evolution of PA mixtures.

Table 2. Staged ITT fatigue test program.

Conditions Loading Cycles Number of Specimens

0
3000
Dry 6000
9000
12,000

0
3000
Wet (2 d) 6000
9000
12,000

(o) W)W Ne) Nie ) N o) Nie ) Ne) Mo ) N0

3.4. Cantabro Loss Test

The Cantabro loss test has been recommended to evaluate the durability of PA mix-
tures and is used in many countries [27,34,35]. The Cantabro loss test involves placing a
specimen into a Los Angeles (LA) abrasion machine with 300 revolutions. As shown in
Equation (5), the Cantabro loss is calculated based on the mass of the specimen before and
after the test.

Cantabro loss = 2" 100% 5)
mo
where my is the mass before the test, g; m; is the mass after the test, g.

4. Results
4.1. Determination of the Optimum Stress Ratio for ITT Fatigue Test

Based on the ITT, the average ITS under the dry condition was measured as 872 kPa.
The stress ratio is defined as the ratio of stress levels used in the ITT fatigue test to the ITS.
Figure 3a,b shows the horizontal permanent strain and horizontal permanent deformation
against the loading cycles under the stress ratio of 0.2, 0.25, and 0.3 under the dry condition.
Under the stress ratio of 0.3, the horizontal deformation developed the fastest, and the
specimens failed the earliest. Regarding the failure criteria, the determination of the
actual point of fatigue failure is a controversial topic with various definitions involving
phenomenological as well as energy approaches [33]. In addition, the failure criteria used
for dense-graded asphalt mixtures may not suitable for the PA mixtures. In the European
standard (EN 12697-24), the failure criteria are defined as the displacement having increased
to double that of the initial strain of the test under the constant loading mode [37]. The
initial strain is the horizontal permanent strain at the 100th loading cycle. Figure 3c shows
the horizontal permanent stain at the start of the ITT fatigue test. The initial stain was
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1023 pe, 1755 pe, and 2271 e under the stress ratio of 0.2, 0.25, and 0.3, respectively. As
shown in Figure 3c, when the loading cycles were reached at the 385, 369, and 353 loading
cycles under the stress ratio of 0.2, 0.25, and 0.3, respectively, the horizontal permanent
stain increased by double that of the initial strain. However, the specimens were not
cracked under that failure criterion. Both horizontal deformation and the failure life are
too small to distinguish the differences between different stress ratios. A higher horizontal
permanent deformation is needed in the failure criteria for PA mixtures because the higher
AV content allows higher deformation to happen. In this study, the failure criteria used
for the ITT fatigue test is when the horizontal permanent deformation reached 2 mm,
and this was determined by observing the tested specimens when they were completely
fractured. Therefore, the failure life under the stress ratio of 0.25 and 0.3 were 19,072 and
8049, respectively, as shown in Figure 3b. Specimens did not show fractures under the
stress ratio of 0.2 even after 43,000 loading cycles. Considering the time efficiency and
discrimination between different conditions, the stress ratio of 0.25 was determined as the
optimum stress ratio for the ITT fatigue test.
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Figure 3. Horizontal permanent deformation under different stress ratios. (a) Horizontal permanent strain; (b) horizontal
permanent deformation; (c) horizontal permanent strain at the start of the ITT fatigue test.

4.2. Evaluation of the Moisture Sensitivity of the PA Mixture

Figure 4 shows the ITS under dry and wet conditions. It has been recognized that the
moisture damage increased with the increasing immersion time in a water bath. It can be
found that the ITS decreased with the increment of moisture damage. Compared with the
dry condition, the ITS decreased by 8.3%, 15.8%, 27.3%, and 34.0% under the wet conditions
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of2d,4d, 6d, and 8 d, respectively. The PA mixtures showed a good moisture resistance
under the wet conditions of 2 d. However, the PA mixtures under the wet conditions of
6 d and 8 d could not satisfy the requirement that TSR should be greater than 80%. The
long-term moisture sensitivity of PA mixtures is still a concern in their service life.
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Figure 4. ITS under different conditions.

Figure 5a,b shows the fatigue life and Ey under the dry and wet conditions, respectively.
Fatigue life significantly decreased with the increment in moisture damage. The fatigue
life of the dry,2d, 4 d, 6 d, and 8 d is 19,072, 13,984, 12,288, 9696, and 8288, respectively. Eg
also decreased with the increment in moisture damage. The Eg of the dry,2d,4d, 6 d, and
8 d is 4897 MPa, 4466 MPa, 4147 MPa, 3680 MPa, and 3516 MPa, respectively. Therefore,
the fatigue life and E( can differentiate the moisture sensitivity of PA mixtures.

28,000~ 6000
24,000 5000 -
] ] f 1 I
20,0004
4000 - 7z /
& 1 _ I I
= 16,000+ G %/ %//
& ] S 3000+
5 12,0001 // = |
1 I 2000 A
80004 %7
4000 1000
T T T T 0 T T T T T
2d 4d 6d 8d Dry 2d 4d 6d 8d
Conditions Conditions
(a) (b)

Figure 5. Fatigue life and E( under different conditions: (a) fatigue life; (b) Eo.

Figure 6 shows the decrement in ITS, fatigue life, and Ey compared with the dry
conditions. Compared with the dry conditions, the fatigue life decreased by 26.7%, 35.6%,
49.2%, and 56.5% under the wet conditions of 2 d, 4 d, 6 d, and 8 d, respectively. There was
a great decrease in fatigue life under the 2 d condition. Compared with the dry condition,
E( decreased by 8.8%, 15.3%, 24.8%, and 28.2% under the wet conditionsof 2d, 4 d, 6 d,
and 8 d, respectively. As shown in Figure 6, under the same condition, the decrement in
fatigue life was the largest. This indicates that fatigue life is more sensitive to moisture
damage than ITS and E.
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4.3. Moisture Damage Evolution of PA Mixture

Moisture damage evolution under the dry and 2 d conditions was investigated. ITT
was performed after the staged ITT fatigue test, and the residual ITS was obtained. E was
calculated after the staged ITT fatigue test and compared with the Ej. Figure 7a shows
the residual ITS at different loading cycles. The residual ITS under the dry condition was
greater than 2 d through the fatigue life, indicating that moisture damage had a significant
influence on the damage evolution of ITS. Figure 7b shows the decrement of residual ITS
of each stage when compared with the original. Overall, the decrement in ITS increased
with the loading cycles, and the decrement under the 2 d condition were greater than the
dry condition. Compared with the previous stage, the decrements in ITS of 3000, 6000,
9000, and 12,000 loading cycles are 19.9%, 12.7%, 6.6%, and 9.5%, respectively, under the
dry conditions. Compared with the previous stage, the decrements in ITS of 3000, 6000,
9000, and 12,000 loading cycles are 30.7%, 13.8%, 11.2%, and 5.9%, respectively, under the
2 d conditions. The decrement in ITS in the first 3000 loading cycles is the largest under
the dry and 2 d conditions. Therefore, the ITS of the PA mixtures mainly decreased in the
early stage.

100
Dry

204 2d
S 61.6
et 60 55.7
g 44.5 2
£ 404 SEENZ
5 30,7 32.6 7—

50 19.9

0 T T T v T T 1
T T T T ] T
3000 6000 9000 12.000 3000 6000 9000 12,000 15,000
Loading cycles Loading cycles
(a) (b)

Figure 7. Degradation of ITS: (a) residual ITS against the loading cycles; (b) decrement in ITS.

Figure 8a shows E at different loading cycles under the dry and 2 d conditions. The
E decreased with the loading cycles, and the E under the dry condition was greater than
the 2 d through the fatigue life. Figure 8b shows the decrement in E at different stages
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compared to the original. The largest decrement was also found in the first 3000 loading
cycles, and the decrement under 2 d was greater than that in the dry condition. The
specimens failed at 13,984 loading cycles under the 2 d condition, and the ITS and E were
decreased by more than 60% after 12,000 cycles. It can be concluded that the specimens
tended to fail when the decrement in ITS and E exceeded 60%.

100
Dry
2d
80 4
9
< 60.3
E . 50.7
£ N 462
§ A0 40.7 394 7
A 31.
28.2
21.
201
0 T T T T T T T 0 T T 1
0 3000 6000 9000 12,000 0 3000 6000 9000 12,000
Loading cycles Loading cycles
(a) (b)
Figure 8. Degradation of E: (a) E against the loading cycles; (b) decrement in E.
4.4. Durability Damage Evolution of PA Mixture
The Cantabro loss test was performed under the dry and wet conditions, as well
as after the staged ITT fatigue test. Figure 9a presents the Cantabro loss under the dry
and wet conditions. The Cantabro loss increased with the increment in moisture damage.
The results indicate that moisture damage had a significant effect on the durability of
PA mixtures. The Cantabro loss after 8 d was greater than 20%, which is the maximum
recommended by many researchers and specifications [27,35,37,38], while other conditions
have a value below 20%.
251 304
- Dry .f,
21.1% J
254
211 1| PR SSHSR / > ——l
g 15.5% & 201
@ 154 2
=) o=
E '] 15 9
S 10.6% 2
= 104 8.8% E
5 8 104
5.8%
5 5
0 T T T T T T T T T d 0 T T T T
Dry 2d 44 6d ’d 0 3000 6000 9000 12,000
Conditions Loading cycles
(@) (b)

Figure 9. Cantabro loss test: (a) Cantabro loss under dry and wet conditions; (b) Cantabro loss at different loading cycles.

Figure 9b shows the Cantabro loss at different loading cycles. The Cantabro loss under
the dry condition was lower than that of 2 d through the fatigue life. At the loading cycles
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of 12,000, specimens tended to fail, showing a great increment in Cantabro loss. After
12,000 loading cycles, the Cantabro loss of PA mixtures did not satisfy the requirement that
the Cantabro loss should be smaller than 20%.

5. Discussion

As shown in Equations (6) and (7), two damage factors (A; and A,) were proposed to
investigate the damage evolution of PA mixtures. The relationships between the damage
factors and loading cycles are shown in Figure 10a,b.

_ ITS;
M=1- ITS, ©)
E;
=1- = 7
A2 1 EO, ( )

where ITS; is the ITS at the loading cycles of i (3000, 6000, 9000, and 12,000), kPa; ITS is
the ITS without loading history, kPa; and E; is the E at the loading cycles of i (3000, 6000,
9000, and 12,000), MPa.

2d 0.8
a

e

N=3.89x10" +0.0474 R*=0.96

0.0 T T T T T T T T |
. . ; . . , 0 3000 60(?0 9000 12,000
0 6000 9000 12,000 Loading cycles
Loading cycles
(a) (b)

Figure 10. Relationship between damage factors and loading cycles. (a) A1 and loading cycles; (b) A, and loading cycles.

A fitting analysis was conducted between the damage factors and loading cycles. As
shown in Figure 10a,b, A; and A, presented a good linear relationship to the loading cycles,
and the correlation coefficient is greater than 0.9. This indicates that the loading history
that was applied on the PA mixtures can be predicted based on the damage factors.

Figure 11a shows the relationship between A; and the Cantabro loss, and Figure 11b
shows the relationship between A, and the Cantabro loss during the damage evolution.
Under the dry condition, the results indicate that the Cantabro loss and damage factors
could fit an exponential model well, and the correlation coefficient is greater than 0.95. The
durability damage evolution correlated well with the damage factors. However, under the
2 d condition, the Cantabro loss and damage factors could not fit well with the exponential
model. The damage evolution of durability is more complicated under the effects of
moisture damage.
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Figure 11. Relationships between damage factors and Cantabro loss. (a) A1 and Cantabro loss; (b) A, and Cantabro loss.

6. Conclusions

In this paper, the ITT, ITT fatigue test, staged ITT fatigue test, and Cantabro loss test
were used to evaluate the moisture sensitivity, moisture damage evolution, and durability
damage evolution of PA mixtures. Several conclusions can be drawn as follows:

(1) ITS, fatigue life, and Ej were decreased with the increment in moisture damage.
Fatigue life and Ej can differentiate the moisture sensitivity of PA mixtures, and fatigue
life was more sensitive to the moisture damage. Under long-term moisture damage, the
moisture sensitivity of PA mixtures was still a concern.

(2) During the damage process, the residual ITS and E are decreased with the increas-
ing loading cycles, and the largest decrement was found in the first 3000 loading cycles. PA
mixtures tended to fail when the decrement in ITS and E exceeded 60% compared with
the original. To extend the service life of PA mixtures, maintenance is needed when the
decrement of ITS and E are greater than 60%.

(3) ITS and E, as well as the durability under the dry condition, are greater or better
than that under the wet conditions during the moisture damage process. Moisture damage
has a significant influence on the damage evolution of PA mixtures and has an acceleration
function on the damage evolution.

(4) The durability of the PA mixture decreased with the increment in moisture damage
and loading cycles. Under the wet condition of 8 d and after 12,000 loading cycles, the
durability of PA mixtures could not satisfy the minimum requirement.

(5) The loading history of PA mixtures can be predicted by the damage factors of A4
and Aj. The damage factors and Cantabro loss could fit an exponential model under the dry
condition. Under the wet condition, the durability damage evolution is more complicated
due to the effects of moisture damage.

(6) In future research, the influences of binder properties, gradation, and additives on
the moisture damage evolution need further investigations.

Author Contributions: Conceptualization, X.W.; methodology, X.H.; formal analysis, X.H. and Q.L.;
investigation, X.H.; resources, ].S.; writing—original draft preparation, X.H.; writing—review and
editing, Q.L.; visualization, X.W. and Q.L.; supervision, N.Z.; funding acquisition, X.W. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (52008333),
the Natural Science Basic Research Program of Shaanxi (2020JQ-680), China Postdoctoral Science
Foundation (2020M673354), and the Scientific Research Program Funded by Shaanxi Provincial
Education Department (20JK0711).

Institutional Review Board Statement: Not applicable.



Materials 2021, 14, 7151 12 of 13

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
correspondence author.

Acknowledgments: The authors would like to express sincere thanks to the National Natural Science
Foundation of China, Natural Science Basic Research Program of Shaanxi, China Postdoctoral Science
Foundation, and Shaanxi Provincial Education Department.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Ren, J.L.; Xu, Y.S.; Huang, ].D.; Wang, Y.; Jia, Z.R. Gradation optimization and strength mechanism of aggregate structure
considering macroscopic and mesoscopic aggregate mechanical behaviour in porous asphalt mixture. Constr. Build. Mater. 2021,
300, 124262. [CrossRef]

Yu, B.; Jiao, L.; Ni, F; Yang, J. Long-term field performance of porous asphalt pavement in China. Road Mater. Pavement Des. 2015,
16,214-226. [CrossRef]

Wang, X.W.; Ren, ].X,; Gu, X.Y;; Li, N; Tian, Z.Y.; Chen, H.Q. Investigation of the adhesive and cohesive properties of asphalt,
mastic, and mortar in porous asphalt mixtures. Constr. Build. Mater. 2021, 276, 122255. [CrossRef]

Zhang, Y.; Leng, Z. Quantification of bituminous mortar ageing and its application in ravelling evaluation of porous asphalt
wearing courses. Mater. Des. 2017, 119, 1-11. [CrossRef]

Mo, L.; Huurman, M.; Wu, S.; Molenaar, A.A.A. Ravelling investigation of porous asphalt concrete based on fatigue characteristics
of bitumen-stone adhesion and mortar. Mater. Des. 2009, 30, 170-179. [CrossRef]

Airey, G.D.; Choi, Y.-K. State of the art report on moisture sensitivity test methods for bituminous pavement materials. Road
Mater. Pavement Des. 2002, 3, 355-372. [CrossRef]

Caro, S.; Masad, E.; Bhasin, A.; Little, D.N. Moisture susceptibility of asphalt mixtures, Part 2: Characterisation and modelling.
Int. ]. Pavement Eng. 2008, 9, 99-114. [CrossRef]

AASHTO. Standard Method of Test for Coating and Stripping of Bitumen-Aggregate Mixtures. In AASHTO T182; American
Association of State Highway and Transportation Officials (AASHTO): Washington, DC, USA, 2002.

ASTM. Standard Practice for Effect of Water on Bituminous-Coated Aggregate Using Boiling Water. In ASTM D3625; ASTM
International: West Conshohocken, PA, USA, 2012.

Liu, YYW.; Apeagyei, A.; Ahmad, N.; Grenfell, ].; Airey, G. Examination of moisture sensitivity of aggregate-bitumen bonding
strength using loose asphalt mixture and physico-chemical surface energy property tests. Int. J. Pavement Eng. 2014, 15, 657-670.
[CrossRef]

Tan, Y.Q.; Guo, M. Using surface free energy method to study the cohesion and adhesion of asphalt mastic. Constr. Build. Mater.
2013, 47, 254-260. [CrossRef]

AASHTO. Resistance of Compacted Hot Mix Asphalt (HMA) to Moisture-Induced Damage. In AASHTO T-283; American
Association of State Highway and Transportation Officials (AASHTO): Washington, DC, USA, 2007.

Xiao, FP; Herndon, D.A.; Amirkhanian, S.; He, L. Aggregate gradations on moisture and rutting resistances of open graded
friction course mixtures. Constr. Build. Mater. 2015, 85, 127-135. [CrossRef]

Varveri, A.; Avgerinopoulos, S.; Scarpas, A. Experimental evaluation of long- and short-term moisture damage characteristics of
asphalt mixtures. Road Mater. Pavement Des. 2016, 17, 168-186. [CrossRef]

Lyons, K.R.; Putman, B.J. Laboratory evaluation of stabilizing methods for porous asphalt mixtures. Constr. Build. Mater. 2013, 49,
772-780. [CrossRef]

Shirini, B.; Imaninasab, R. Performance evaluation of rubberized and SBS modified porous asphalt mixtures. Constr. Build. Mater.
2016, 107, 165-171. [CrossRef]

Ma, X.; Li, Q.; Cui, Y.C.; Ni, A.Q. Performance of porous asphalt mixture with various additives. Int. . Pavement Eng. 2016, 19,
355-361. [CrossRef]

Javilla, B.; Fang, H.; Mo, L.T.; Shu, B.N.; Wu, S.P. Test evaluation of rutting performance indicators of asphalt mixtures. Constr.
Build. Mater. 2017, 155, 1215-1223. [CrossRef]

Polaczyk, P.; Ma, Y.T,; Xiao, R.; Hu, W,; Jiang, X.; Huang, B.S. Characterization of aggregate interlocking in hot mix asphalt by
mechanistic performance tests. Road Mater. Pavement Des. 2021, 22, S498-5513. [CrossRef]

Nguyen, T.H.; Ahn, J.; Lee, J.; Kim, ].H. Dynamic Modulus of Porous Asphalt and the Effect of Moisture Conditioning. Materials
2019, 12, 1230. [CrossRef]

Chen, J.S.; Sun, Y.C.; Liao, M.C.; Huang, C.C.; Tsou, K.W. Evaluation of Permeable Friction Course Mixes with Various Binders
and Additives. |. Mater. Civ. Eng. 2013, 25, 573-579. [CrossRef]

Cui, PD.; Wu, S.P; Xiao, Y.; Niu, Y.Y.; Yuan, G.M.; Lin, ].T. 3D reconstruction of moisture damage resulted volumetric changes in
porous asphalt mixture. Constr. Build. Mater. 2019, 228, 116658. [CrossRef]

Ameri, M.; Esfahani, M.A. Evaluation and Performance of Hydrated Lime and Limestone Powder in Porous Asphalt. Road Mater.
Pavement Des. 2008, 9, 651-664. [CrossRef]


http://doi.org/10.1016/j.conbuildmat.2021.124262
http://doi.org/10.1080/14680629.2014.944205
http://doi.org/10.1016/j.conbuildmat.2021.122255
http://doi.org/10.1016/j.matdes.2017.01.052
http://doi.org/10.1016/j.matdes.2008.04.031
http://doi.org/10.1080/14680629.2002.9689930
http://doi.org/10.1080/10298430701792144
http://doi.org/10.1080/10298436.2013.855312
http://doi.org/10.1016/j.conbuildmat.2013.05.067
http://doi.org/10.1016/j.conbuildmat.2015.03.095
http://doi.org/10.1080/14680629.2015.1066705
http://doi.org/10.1016/j.conbuildmat.2013.08.076
http://doi.org/10.1016/j.conbuildmat.2016.01.006
http://doi.org/10.1080/10298436.2016.1175560
http://doi.org/10.1016/j.conbuildmat.2017.07.164
http://doi.org/10.1080/14680629.2021.1908408
http://doi.org/10.3390/ma12081230
http://doi.org/10.1061/(ASCE)MT.1943-5533.0000631
http://doi.org/10.1016/j.conbuildmat.2019.08.039
http://doi.org/10.1080/14680629.2008.9690143

Materials 2021, 14, 7151 13 of 13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Gubler, R.; Partl, M.N.; Canestrari, F; Grilli, A. Influence of water and temperature on mechanical properties of selected asphalt
pavements. Mater. Struct. 2005, 38, 523-532. [CrossRef]

Poulikakos, L.D.; Partl, M.N. Evaluation of moisture susceptibility of porous asphalt concrete using water submersion fatigue
tests. Constr. Build. Mater. 2009, 23, 3475-3484. [CrossRef]

Mo, L.; Huurman, M.; Wu, S.P.; Molenaar, A.A.A. 2D and 3D meso-scale finite element models for ravelling analysis of porous
asphalt concrete. Finite Elem. Anal. Des. 2008, 44, 186-196. [CrossRef]

Mo, L.T.; Huurman, M.; Wu, S.P.; Molenaar, A.A.A. Bitumen-stone adhesive zone damage model for the meso-mechanical
mixture design of ravelling resistant porous asphalt concrete. Int. . Fatigue 2011, 33, 1490-1503. [CrossRef]

Caro, S.; Manrique-Sanchez, L.; Kim, Y.R. Computational evaluation of long-term ravelling susceptibility of Permeable Friction
Courses (PFC). Constr. Build. Mater. 2021, 291, 123306. [CrossRef]

Zhang, H.; Anupam, K.; Skarpas, A.; Kasbergen, C.; Erkens, S. Simple Homogenization-Based Approach to Predict Raveling in
Porous Asphalt. Transp. Res. Rec. 2020, 2674, 263-277. [CrossRef]

Wang, X.; Ren, J.; Hu, X,; Gu, X,; Li, N. Determining Optimum Number of Gyrations for Porous Asphalt Mixtures Using
Superpave Gyratory Compactor. KSCE J. Civ. Eng. 2021, 25, 2010-2019. [CrossRef]

Suresha, S.N.; George, V.; Shankar, A.U.R. Evaluation of properties of porous friction course mixes for different gyration levels. J.
Mater. Civ. Eng. 2009, 21, 789-796. [CrossRef]

Research Institute of Highway Ministry of Transport of China. Standard Test Methods of Bitumen and Bituminous Mixtures for
Highway Engineering; JTG E20-2011; Ministry of Transportation: Beijing, China, 2011.

Cocurullo, A.; Airey, G.D.; Collop, A.C.; Sangiorgi, C. Indirect tensile versus two-point bending fatigue testing. Proc. Inst. Civ.
Eng. 2008, 161, 207-220. [CrossRef]

Xie, J.; Wu, S.P; Pang, L,; Lin, ].T.; Zhu, Z. Influence of surface treated fly ash with coupling agent on asphalt mixture moisture
damage. Constr. Build. Mater. 2012, 30, 340-346. [CrossRef]

Zhang, Q.; Wu, D.L.; Zhang, X.J.; Chang, K.L.; Wang, Y.B. Effect of organic deicing agents on asphalt rheology and analysis of the
mechanism. Constr. Build. Mater. 2021, 284, 122649. [CrossRef]

Ji, X.; Sun, E.; Zou, H.; Hou, Y.; Chen, B. Study on the multiscale adhesive properties between asphalt and aggregate. Constr.
Build. Mater. 2020, 249, 118693. [CrossRef]

NSALI Bituminous Mixtures—Test Methods for Hot Mix Asphalt—Part 24: Resistance to Fatigue; EN 12697-24; NSAIL: Nashua, New
Hampshire, 2003.

Wang, X.; Gu, X.; Hu, X,; Zhang, Q.; Dong, Q. Three-stage Evolution of Air Voids and Deformation of Porous-Asphalt Mixtures in
High-temperature Permanent Deformation. J. Mater. Civ. Eng. 2020, 32, 04020233. [CrossRef]


http://doi.org/10.1007/BF02479543
http://doi.org/10.1016/j.conbuildmat.2009.08.016
http://doi.org/10.1016/j.finel.2007.11.012
http://doi.org/10.1016/j.ijfatigue.2011.06.003
http://doi.org/10.1016/j.conbuildmat.2021.123306
http://doi.org/10.1177/0361198120953159
http://doi.org/10.1007/s12205-021-1005-x
http://doi.org/10.1061/(ASCE)0899-1561(2009)21:12(789)
http://doi.org/10.1680/tran.2008.161.4.207
http://doi.org/10.1016/j.conbuildmat.2011.11.022
http://doi.org/10.1016/j.conbuildmat.2021.122649
http://doi.org/10.1016/j.conbuildmat.2020.118693
http://doi.org/10.1061/(ASCE)MT.1943-5533.0003300

	Introduction 
	Materials 
	Methods 
	ITT 
	ITT Fatigue Test 
	Staged ITT Fatigue Test 
	Cantabro Loss Test 

	Results 
	Determination of the Optimum Stress Ratio for ITT Fatigue Test 
	Evaluation of the Moisture Sensitivity of the PA Mixture 
	Moisture Damage Evolution of PA Mixture 
	Durability Damage Evolution of PA Mixture 

	Discussion 
	Conclusions 
	References

