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ABSTRACT

Moisture erosion is one of the key factors leading to asphalt pavement damage, and the erosion depth indicates
the moisture damage level but it is usually neglected. In order to study the moisture erosion and the erosion
depth, this study characterized the chemical structure, rheological property and adhesion property of asphalt at
different depths after immersion for different periods. To further explore the diffusion mechanism of eroded
asphalt, a Log-log numerical model was established based on the Fick’s second law to calculate the diffusion
coefficient throughout the depth. The results indicate that it takes just four hours for water to penetrate a 25 pm
asphalt film. The relation between erosion depth and immersion period presents three stages, and the process can
be fitted with a polynomial model. At the macroscopic level, there is a lag between the changes in adhesion
property with chemical structure and rheological property. Additionally, the periodicity of moisture erosion
process was verified by the calculation of diffusion factor. In summary, the diffusion mechanism of eroded
asphalt by moisture can provide a theoretical basis for the development of laboratory moisture erosion test
specification, thus avoiding the waste of raw materials.

1. Introduction

Asphalt pavement is a kind of seamless continuous pavement with
the excellent pavement performance and driving comfort, which are
widely utilization in the world [1]. Nevertheless, the degradation of
pavement performance has always been the primary problem in the
field, and the moisture damage is one of the most important in-
ducements [2]. During the service period, asphalt pavement is inevi-
tably eroded by common fluids such as rainwater, ground water, etc.
The fluids penetrate and erode asphalt concrete through its voids,
therefore adversely affecting the structure and performance of asphalt
mixture [3]. More attentions were paid on the destructive effects of
dynamic hydraulic pressure and freeze-thaw cycles [4]. However, the
failure of cohesion and adhesion is the internal root causes of moisture
damage on asphalt mixture [5]. The asphalt film may be dissolved and
peel off from the aggregate surface because of the existence of moisture.
Therefore, the hydrostatic erosion test is more suitable to study the

erosion effect and related mechanism of moisture as a single factor on
asphalt. Besides, the other studies of hydrostatic erosion test have
focused on the change of composition, structure, cohesion and adhesion
of asphalt during moisture erosion. The results show that water diffusion
can increase the enriched polar components, causing the degradation of
rheological property, cohesion and adhesion property [6]. The oxida-
tion, dissolution and migration of asphalt is considered to affect the
physicochemical properties of asphalt during immersion [7].

In an asphalt mixture, asphalt is acting as the binding material in the
form of a thin film and bonds the aggregate surfaces together [8].
Asphalt binder is available in the form of asphalt film, which bonds the
aggregate interface to make asphalt concrete with outstanding road
performance [9]. In principle, the asphalt film thickness is approxi-
mately 6-15 pm which is determined by the asphalt content and
aggregate surface area [10]. However, this number can increase to 26
pm due to the uneven binder distribution in practice [11,12]. The op-
timum asphalt content and aggregate surface area collectively
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determine the effective thickness of asphalt film [13]. During the mixing
of asphalt and aggregate, a rearrangement of chemical components of
the asphalt is produced on the mineral surface due to the chemisorption
that occurs as a result of the interaction between asphalt and mineral,
thus creating a structural film on the mineral surface [14]. The structural
film is known as structural asphalt, and the asphalt outside the film is
known as free asphalt. The cohesion of structural asphalt is greater than
that of free asphalt [15]. Asphalt has different properties and functions
at different distances from the aggregate contact interface, and the
changes in properties can cause different effects [16]. Therefore,
exploring the erosion depth of asphalt by aqueous solution is the key to
understand the changes in water stability of asphalt concrete.
Researchers have paid attention to the impact of asphalt film thick-
ness on water stability. Dos Santos et al. [17] employed the atomic force
microscope to study bitumen films within 300 pm thickness after being
immersed in aqueous solution. By observing the microstructure changes,
they found moisture could cause the dissolution and migration of
asphalt, making the asphalt thinner and the properties change. Burak
Sengoz et al. [10] investigated the relation between the asphalt film
thicknesses and water stability of hot mix asphalt, and the results
manifested asphalt mixture with a thicker asphalt film showed better
water stability. Yan et al [18] designed the binder bond strength test to
investigate the effect of asphalt film thickness on bond strength between
asphalt and aggregate under wet curing conditions, and they inferred
the thicker thickness of asphalt film had a positive effect on bonding
properties. Lin [19] compared the performance of asphalt mixture with
different film thickness and found that the asphalt film thickness and the
water stability of mixture had nonlinear relation, and the water stability
decreased sharply when the film thickness was less than 13 pm. Based on
the above results, the asphalt film thickness plays the important role in
the pavement performance, and the moisture can weaken asphalt
properties. The relevant researchers used asphalt film with 0.1-2 m
thick for hydrostatic erosion tests, however, no justification or specifi-
cation for the selection was given [20]. Furthermore, the erosion depth
by moisture on asphalt binder and the properties changes of asphalt film
at different depths lack investigation. Therefore, the study of erosion

Characterization
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depth on asphalt is an important guide for the scientific selection of
asphalt thickness in future simulated hydrostatic erosion tests.

In this study, the moisture damage and the erosion depth on asphalt
was investigated, and the methodological framework was illustrated in
Fig. 1. First, 90 A and SBS MA were immersed in the distilled water at
60 °C for different periods. Then, the asphalt samples were obtained by
being stripped away layer by layer. The chemical structure, rheological
property and adhesion property of asphalt were characterized by Fourier
transform infrared spectroscopy (FTIR) analysis, dynamic shear
rheometer (DSR) analysis and contact angle (CA). By comparing the
properties of different layers, the relation between erosion depth and
immersion period was discussed. Subsequently, the correlation between
carbonyl index (I¢c—o), fatigue factor (FF) and energy ratio (ER) were
discussed by Pearson correlation coefficient. Based on the Fick’s second
law, a simple Loglog model was established to simulate the diffusion of
eroded asphalt during immersion and calculate the diffusion coefficient
of different layers. Finally, the diffusion mechanism of eroded asphalt by
moisture was explored based on the diffusion model.

2. Materials and experiments
2.1. Materials
Base 90 asphalt (90 A) with 80/100 penetration grade and perfor-

mance grade 70-22 and styrene-butadiene-styrene Modified Asphalt
(SBS MA) were used in this research. The two kinds of asphalt were

Table 1

Physical properties of 90 A and SBS MA.
Physical properties Units 90 A SBSMA  Standards
Penetration (25 °C, 100 g, 55) 0.1 mm 86.7 63.5 ASTM D-5 [22]
Softening point °C 46.8 75.3 ASTM D-36 [23]
Ductility (10 °C/5 °C) cm 89 56 ASTM D-113 [24]
Solubility (trichloroethylene) % 99.8  99.7 ASTM D-2042

[25]

| Chemical structure | |

Rheological property | |

Adhesion property |

:
I
I
I

Different layers |

v
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v

Erosion depth |
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Fick’s second law

Diffusion coefficient

Loglog model |

Target

Fig. 1. Methodological framework of this study.
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obtained from Inner Mongolia Xindalu Asphalt CO., Itd (Inner Mongolia,
China), and the basic physical properties were illustrated in Table 1.
Limestone provided by Wuhan Jiuhua Co., Itd (Wuhan, China) was
selected as the aggregates, due to its stable properties and wide distri-
bution [21].

2.2. Immersion test

The immersion test simulated the erosion of moist environment on
asphalt pavement. Because the influence of water on asphalt mainly
occurs during the service period, using asphalt binders after TFOT
instead of unaged asphalt binders as the samples of water erosion can
more truly simulate the influence of water on asphalt in the pavement.
First, 8 g 90 A after thin film oven test (TFOT) was poured into the glass
dish with a diameter of 90 mm, then placed in a vacuum drying box at
150 °C for 0.5 h next. After cooling, the 1.25 mm thick asphalt film was
prepared. Second, the distilled water was poured into the glass dish
soaking the asphalt film completely. The experimental temperature was
set at 60 °C because it was close to the road temperature in summer. The
asphalt was undertaken for immersion of 4, 6, 12, 48, 96, 144, 288, 336,
432 and 504 h, and the aqueous solution was changed every other day to
ensure the moist environment. Finally, the asphalt films were dried in
the oven at 100 °C for 15 mins and cooled to room temperature for one
day to dry the water on the surface of asphalt film. The SBS MA samples
were obtained under the same condition. In the meantime, control
samples were prepared at the same periods without water immersion.
Four parallel aging tests were conducted simultaneously to collect
enough asphalt samples for testing, because FTIR test, DSR test and CA
test typically requires around 0.1 g, 0.4 g and 0.2 g asphalt respectively.

2.3. Peeling test

Peeling test was designed to explore the influence of moisture on
asphalt at different depths, as shown in Fig. 2. The experiment was
divided into the following five steps.

i. 5 ml trichloroethylene as organic solvent was poured into the
glass dish to dissolve the surface of asphalt film;

ii. The solution with dissolved asphalt was poured out in a glass dish
with a diameter of 90 mm and placed in a fume cupboard for 72 h
to allow trichloroethylene to evaporate completely, and the layer
1 of asphalt film was obtained [26];

iii. The physicochemical properties of layer 1 were compared with
that of control by FTIR analysis, DSR analysis and CA analysis;

iv. The peeling experiment would be repeated from step i on the
residual asphalt film when the physicochemical properties of the
peeling layer was inconsistent with that of control;

Asphalt film Trichloroethylene

—

—— > Laycr |
~— | ayer 2

Yes i ~
Consistent with
control

Pour out
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v. The peeling experiment stop until the physicochemical properties
were consistent with that of control, and the peeling depth was
determined as the erosion depth.

The film thickness of peeled asphalt was calculated by Eq. (1).

T=-" )

rp

where T, m and p represent the thickness, mass and density of asphalt
film, respectively; r represents the radius of the glass dish.

According to the preliminary test, it took 11 s for the first film with
around 25 pm on the sample surface, while only 6 s for the internal
asphalt with around 25 pm thickness, and 13 s for the 50 pm internal
layer. The peeling test was carried out with the same operation pro-
cedure for each sample, so as to ensure the same film thickness as far as
possible, and the calculated film thickness was taken as the final film
thickness. According to the result of FTIR, DSR and CA tests of samples
treated with trichloroethylene and the untreated based asphalt, there
was no characteristic peak of trichloroethylene in the FTIR spectrogram,
and the data gap was within the standard range, indicating that the
trichloroethylene in the asphalt film had been volatilized completely
after 3 days.

The asphalt collected from four parallel samples was mixed at 120 °C
to achieve uniformity before tests. The asphalt immersed for different
periods were peeled layer by layer to characterize the physicochemical
properties, including chemical structure, rheological properties and CA.
When used as a semi-quantitative analytical tool, the permissible error
in FTIR is 3 % [8]. According to DSR test specification, the coefficient of
variation (CV) of the fatigue factor (FF) as acceptable single-operator
precision cannot exceed 4.9 % [27]. The CV of all CAs in parallel tests
was lower than 4 % [28]. When the error value of the last peeled layer is
within this range from the control sample, the layer is considered to own
the same performance as the control sample. Additionally, it was found
that the peel method had no significant effect on the test results by
comparing the results of the unsoaked asphalt before and after the peel
test. The thickness of different peeled asphalt layers was shown in Ta-
bles 2 and 3 respectively. The film thickness of each layer was planned to
be around 25 pm, which contains the thickness of the asphalt film on the
real pavement to expediently observe the performance change of asphalt
under the real film thickness. Subsequently, different asphalt film
thicknesses were obtained by adjusting the trichloroethylene dissolution
time.

2.4. FTIR test

To investigate the change of chemical structure, FTIR (Nicolet 6700,
Thermo Fisher Scientifific, Waltham, MA, USA) with OMNIC 6.2 soft-
ware was used to identify the specific functional groups. First, 5 wt%

Evaporation

i
l

Asphalt solution

Asphalt peeled layer

. ——

DSR analysis

CA analysis

Fig. 2. Flow chart of asphalt peeling test.
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Table 2
Film thickness of 90 A after peeling (pm).

Construction and Building Materials 369 (2023) 130503

Layer Immersion period by distilled water (hour)
4 6 12 48 96 144 288 336 432 504

1 27 23 31 22 31 25 26 24 21 29
2 25 26 29 24 27 21 30 27 30 32
3 NA 54 48 56 55 57 64 57 52 60
4 NA NA 53 59 54 65 59 59 54 59
5 NA NA NA 62 47 61 62 61 69 53
6 NA NA NA NA 49 52 53 49 51 48
7 NA NA NA NA NA 49 58 54 50 58
8 NA NA NA NA NA NA 45 54 50 52
9 NA NA NA NA NA NA NA 51 55 45
10 NA NA NA NA NA NA NA NA 76 83
11 NA NA NA NA NA NA NA NA NA 82

Note: NA represents not available.

Table 3

Film thickness of SBS MA after peeling (pm).
Layer Immersion period by distilled water (hour)

4 6 12 48 96 144 288 336 432 504

1 23 18 16 21 24 22 17 22 19 22
2 27 29 23 26 33 30 32 28 26 30
3 NA 33 31 37 41 43 32 37 34 35
4 NA NA 55 46 54 60 65 69 67 63
5 NA NA NA 54 53 48 41 47 45 43
6 NA NA NA NA 42 50 47 49 54 43
7 NA NA NA NA NA 45 59 56 54 57
8 NA NA NA NA NA NA 28 27 23 23
9 NA NA NA NA NA NA NA 33 31 37
10 NA NA NA NA NA NA NA NA 27 21
11 NA NA NA NA NA NA NA NA NA 27

asphalt-CS; solution was prepared, then three drops of the solution were

dropped on the KBr chip. Finally, FTIR test was performed after CSy Table 4

Test parameters of temperature sweep.

evaporated completely. The range of scan wave number was from 4000

em™! to 400 cm ™! and the scan time was 64 times. Although water can Projects Frequency Strain Temperature Heating rate

block oxygen from the air to some extent, asphalt can react with oxygen Units rad/s % °C °C/min

molecules from the water leading to asphalt oxidation during immersion Parameters 10 0.5 —10-30 2

[29]. And the dissolution and migration of asphalt also occur due to the

existence of water [30]. That is considered to affect the physicochemical 26. CA test

properties of asphalt. The oxidation products of asphalt oxidation and
the majority of substances dissolved and migrated from asphalt are
generally contains carbonyl and sulfoxide groups [7]. Because sulfoxide
is a very unstable bond and can undergo reversible reactions with
temperature and other conditions, while carbonyl is very stable.
Therefore, carbonyl was selected to be the index. The Ic_p was chosen to
characterize the degree of asphalt oxidation calculated with Eq. (2) [31].

S 1700cm™!

(2)

Icco=g———
S 1462+1377cm™!

where S'11700m represents the areas of the 1700 cm™! centered carbonyl
group absorption band; S'11462+1 377cm represents the sum of areas of the
1462 cm ! centered methylene group absorption band and 1377 cm™!
centered methyl group absorption band.

2.5. DSR test

The temperature sweep using DSR (Smartpave 102, Anton Paar Co.
Itd, Germany) was selected to analyze low temperatures rheological
property of asphalt after immersion. The deformation was measured
under fixed frequency sinusoidal loading, which was characterized by
complex shear modulus (G*) and phase angle (8) [32,33]. The asphalt
samples with a diameter of 8 mm and a thickness of 2 mm were prepared
for the test. Table 4 showed the test parameters of temperature sweep.

The surface free energy (SFE) of asphalt is related to the cohesion
inside the binder and the adhesion between asphalt binder from
different depths with aggregate. The sessile drop method is the most
commonly used method to measure the CA of liquid on solid, which is
usually used to calculate the SFE of asphalt. The CA measuring instru-
ment (SL150, KINO Industry Co. 1td, USA) with Image processing soft-
ware was used to magnify the contour of liquid drop and solid and
measure the CA. The CA of limestone was measured by the probe liquids,
including distilled water, formamide and glycol, while that of asphalt
was measured using distilled water, formamide and glycerol. In order to
guarantee the preciseness of the results, each group of 3 specimens was
tested three times, the average test value was the final result. The
number of samples should be increased to ensure that the CV of CA in
parallel tests was lower than 4 % when the individual test results differ
greatly [28].

The SFE could be calculated by the dispersion component and the
polar component, which is the sum of them, as shown in Eq. (3) [34].
r=r'+7 ©))
where y4,y? represent dispersive component and polarity component of
the SFE, respectively.

Owens and Wendt [35] came up with Eq (4) that accurately
expressed the relation between the CA with the SFE. The polarity



Y. Zou et al.

component and dispersion component can be obtained by linear analysis
of the test data according to the following equation.

y.(1+cosf) 1

", [
) VR “

where yg,7; represent SFEs of the solid and the liquid, respectively; y4,/4
represent dispersive component and polarity component of the SFE for
the solid; y¢,y} represent dispersive component and polarity component
of SFE for the liquid.

Table 5 showed the SFE parameters of the four probe liquids and
limestone obtained by CA test [36].

The energy required for cracks to expand along the interface between
the asphalt with aggregate is called adhesion work, which represents the
difficulty of moisture penetrating the asphalt film into the asphalt-
aggregate interface and can be defined as shown in Eq. (5) [37].

Wan = Yo+ = Yam = 20/ 787 + 2\/1727 ®)

where y,, v, and y,, express SFEs of asphalt, mineral and the interface
of asphalt and mineral, respectively. The y¢ and y4 express the dispersive
component and polarity component of asphalt, and y¢, and 5, express
the dispersive component and polarity component of mineral.

The adsorption effect of aggregate on water is greater than that on
asphalt, and the asphalt is constantly peeled off from the surface of
aggregate through the displacement of water, which eventually causes
water damage of asphalt pavement. In this process, the bitumen-mineral
aggregate system becomes bitumen-water and mineral aggregate-water
two systems. And the work of process is defined as the spalling work as
shown in Eq. (6).

Wemw = Waw + Wiy — W

:2( ydr’+W+W+W—W—W) ©)

where W, and Wy, express the adhesion work between asphalt and
mineral with water, respectively. The y% and 7}, express the dispersive
component and polarity component of water.

The energy ratio (ER) is considered to evaluate the adhesion property
of the asphalt binder as shown in Eq. (7).

Wam

— 7
Wamw ( )

R~ |

The higher the ER value, the better the adhesion property of the
asphalt-aggregate combination.

2.7. Correlation analysis

In order to explore the correlation between the three indicators,
including I¢_o, FF and ER, during moisture erosion, statistical software
SPSS 22.0 was used to conduct correlation analysis on the data. Bivariate
correlation reflects the degree of correlation between two variables,
which is usually explained by Pearson correlation coefficient. The
calculation formula is shown in Eq. (8).

Table 5
SFE parameters of the probe liquids and aggregate (mJ/m?).
¥ " n
Distilled water 72.8 21.8 51.0
Formamide 57.9 38.9 19.0
Glycol 48.3 29.3 19.0
Glycerol 63.4 33.4 30.0

Limestone 37.49 28.06 9.43

Construction and Building Materials 369 (2023) 130503

Sab
o @®)
A% SaaSbb

where r is the correlation coefficient between variate a and b, Sy is the
covariance between variate a and b, Sy, is the variance of variate a, and
Spp is the variance of variate b.

2.8. Diffusion theories
(1) Fick’s second law.

When the concentration gradient of components exists in the asphalt
system, the concentration of any point in the asphalt will change with
period, and the diffusion flux will also change with different positions.
Macroscopically, the thermal movement components produce direc-
tionality, which will lead to the occurrence of diffusion in asphalt. Thus,
the relation between erosion concentration with immersion period and
depth can be obtained using the Fick’ s second law which is suitable for
unsteady diffusion, as shown in Eq. (9) [38].

oc _ o°C
~_p—=

ot od? ©)
where C and d express erosion concentration and depth of asphalt,
respectively; D expresses diffusion coefficient; t expresses immersion
period.

(2) Diffusion model setting up.

The reasonable diffusion model for moisture damage should be
established to calculate the diffusion coefficient (D). Three necessary
assumptions need to be proposed as follow. Firstly, moisture damage of
asphalt is an unsteady diffusion form. Secondly, surface layer of asphalt
suffers the most serious erosion, and the eroded asphalt diffuses inter-
nally with period. Finally, eroded asphalt and uneroded asphalt are
treated as a pure substance without considering the composition of
asphalt. Based on the assumptions above, a simple diffusion model of
eroded asphalt under the action of moisture can be established as shown
in Fig. 3.

Under the action of different concentration gradients, the eroded
asphalt diffuses to the diffusion layer, and its diffusion depth increases
with period. The erosion concentration in the outermost layer is affected
by moisture erosion and internal diffusion, which can be regarded as
constant. Lehtiméki proposed the Loglog model to predict the rheolog-
ical properties of a mixture of two liquids [39]. Therefore, the erosion
concentration of asphalt can be calculated by Loglog model as shown in
Eq. (10).

loglog (|FF|;, ) = aloglog(|FF|, ) + bloglog (|FF|; ) (10)

where |FF|,, |FF|y and |FF|; express FF of diffusion layer, uneroded
asphalt and eroded asphalt, respectively. The |FF|, consists of only |FF|;
and |FF|;, and a is the proportion of |FF|; in the mixture |FF|;, and b is
the proportion of |FF|; in the mixture |FF|,, thus a + b = 1. Because the
definition of C is also the proportion of |FF|; in the mixture |FF|,, which
is the same as the definition of b, C is equal to b.

Referring to Boltzmann change, definite integral concept and Eq.
(11), the Eq. (9) can be transformed into Eq. (12) [40]. The boundary
conditions are as follows: C = C; when x greater than 0, while C = Cy
when x less than 0.

X
_ 11
p Wi an)
G+ GC GG 2 [ s
R R S | exp(—f)dp+b 12)
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Eroded asphalt «—

Diffusion layer —

Uneroded asphalt <

Fig. 3. Diffusion model of eroded asphalt under the action of moisture.
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In the semi-infinite object diffusion model, C; is equal to 0, C5 is
equal to 100 %. Because of the complexity of calculation, the Gaussian
error equation is replaced by hyperbolic function as shown in Eq. (13),
and MATLAB software was used in data processing.

993 89 .
C—lftanh<@ﬁ+§(/i> 13)
3. Results and discussions

3.1. Chemical structure

The changes in carbonyl groups is usually considered as an indicator
of asphalt oxidation level [31]. The Ic—¢ of different peeling layers in
90A and SBS MA were calculated according to FTIR spectrum to inves-
tigate changes in chemical structure of asphalt after immersion as shown
in Fig. 4. The Ic_o of all control samples at different periods was greater
than 0, which was due to the fact that the control sample was prepared
after TFOT aging. And the I¢_¢ of control slightly increased with prep-
aration time, because the curing temperature of 60 °C could cause the
thermal oxidation of unsoaked asphalt during samples preparation. The
Ic—o of the layer 1 in 90A was greater than that of control during 4-144
h, indicating that moisture erosion caused oxidation of asphalt surface
and produced more aging functional groups. Because asphalt can react
with oxygen molecules from the water leading to oxidation of asphalt
surface [29]. The I¢_o of each layer inside asphalt increased gradually
with the extension of erosion period, however the increasing rate
decreased step by step from the surface to the inside, which might be
caused by the diffusion of eroded asphalt. During 288 h-504 h of im-
mersion, the Ic_o of the layer 1 was lower than that of control, and the
range of decline from the outside to the inside of a stepwise decline. That
might be due to the predominant dissolution of polar functional groups
containing carbonyl [7].

The I¢_o of the layer 1 in SBS MA was greater than that of control
during 4-48 h and less than that of control during 96-504 h. Compared
with the control at 144 h, the I¢_o of layers 1 and 2 decreased, while that
of layers 3-5 increased, which might be the increase of I¢_o caused by
aging spread to layers 3-5, and the dissolution of polar components
decreased the Ic—¢ of layers 1 and 2. The change of Ic—¢ in each layer of
SBS MA at 4, 6, 48, 336, 432 and 504 h presented a step-like trend from
surface to inside, which was the same as that of 90 A. In other periods,
the maximum or minimum I¢_p occurred in the layer 2. It is because the
existence of the network structure of modifier in SBS MA can reduce the
migration rate of polar components from the surface asphalt to the inner
asphalt, changing the diffusion law of water erosion.

The average I¢_o is the arithmetic average calculated by the carbonyl
factors of all layers that have Ic_o change during immersion. The vari-
ation pattern of the average Ic_o was mostly dependent on that of the
layer 1. The average Ic—o of 90 A peaked at 144 h of immersion
increasing by 50.39 %, and reached a trough after 432 h of immersion
decreasing by 44.66 %. The average Ic_o of SBS MA at 12 h increased to
the maximum value by 56.53 %, and it decreased to the minimum value
by 18.95 % at 432 h. It could be seen that oxidation reaction of SBS MA
was dominant for a shorter period of time and entered the dissolution
and migration dominant phase earlier than 90 A. Although the network
hindrance caused SBS MA had a higher concentration of aging func-
tional groups than 90 A at some times, like 12 h and 48 h, the total in-
crease and decrease of aging functional groups were significantly lower
than 90 A. This manifested that SBS MA had better oxidation, dissolution
and migration resistance.

Based on the change of I¢—¢ at different depths, the erosion depth by
moisture could be observed as shown in Fig. 5. After immersion for 4, 6,
12, 48, 96, 144, 288, 366, 432 and 504 h, the erosion depth of 90 A
reached 27, 49, 108, 161, 214, 168, 294, 385, 432 and 519 pm,
respectively. Simultaneously, the erosion depth of SBS MA reached 23,
47,70, 130, 205, 253, 234, 308, 353 and 374 pm. The relation between
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Fig. 5. Relation between erosion depth and immersion period (for Ic_o).

erosion depth and immersion period was suitable for a polynomial
model to regression fitting, and the R? was bigger than 0.9. The erosion
depth increased over immersion period, and it was evident that moisture
intrusion was a gradual infiltration process. And the erosion depth
growth was first urgent, then slow and finally urgent, indicating that
erosion may be a cyclical process. The erosion depth of SBS MA was less
than that of 90 A. According to diffusion theory, when there is a con-
centration gradient within a substance, the internal particles of the
substance will undergo a directional migration due to thermal motion,
and the larger the gradient, the larger the diffusion rate [41]. Combined
with Fig. 4, it could be seen that the larger change rate in Ic_o made 90 A
had a larger difference between the eroded layer and the internal
uneroded layer, resulting in a larger erosion depth.

3.2. Rheological property

Moisture erosion can change the rheological property, and the
changes have fluctuation due to the combination of asphalt oxidation,
dissolution and migration [26]. Fatigue performance changes are an
important indicator of the degree of asphalt aging [33,42]. The G*sind at
28 °C was taken for the FF to conclude the fatigue resistance change of
asphalt binders at different depths. After immersion for different pe-
riods, the FF of 90 A and SBS MA at different depths were calculated as
shown in Fig. 6. The FF of the unsoaked control group slightly increased
with preparation time, because the asphalt oxidation increased the Ic_o
hardening the asphalt. The FF of all layers in 90A was greater than the
control value during the 4-96 h of immersion, indicating that the
oxidative aging of asphalt caused by water erosion increased the FF of
asphalt. The FF in each layer of 90 A increased in a step-like manner with
the extension of erosion period, however the increasing rate decreased
step by step from the surface to the inside. After immersion for 4, 6 and
96 h, the FF of the layer 1 was the largest, and the layer 2 had the biggest
FF after 12 and 48 h. Compared with the control at 144 h, the FF of layers
1-3 decreased, while that of layers 4-6 increased, which might be the
increase of FF caused by aging spread to layers 4-6, and the dissolution
of polar components decreased the FF of layers 1-3. During 288 h-504 h
of immersion, due to the dominance of dissolution and migration, the FF
decreased, and the decline decreased step by step from surface to inside.

The FF of SBS MA was greater than the control during 4-48 h, and the
FF of each layer increases in a step-like manner with the extension of
erosion period. After immersion for 4, 6 and 48 h, the layer 1 had the
biggest FF, and the layer 2 at 12 h of immersion had the biggest FF.
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Fig. 6. FF of asphalt at different depths during immersion (a, 90 A; b, SBS MA).

Compared with the control at 96 h, the FF of layers 1-2 decreased, while
that of layers 3-5 increased, which might be probably for the Ic—o
change at 96 h. At 144 h, the FF of layers 3-5 began to decrease, and the
FF of layer 6 increased compared with the control, while the average
value became to be less than the control value. The FF of layers 1-7 at
288 h and 336 h of immersion fluctuated up and down, and the FF of
layers 2 and 3 at 288 h were bigger than that of adjacent layers, so were
that of layers 3 and 4 at 336 h. During 96-336 h of immersion, the FF
changes showed that the existence of network structure caused the
rheological property of SBS MA more complex than that of 90A. During
432 h of immersion, the FF decreased due to the dominance of disso-
lution, and the decline decreased in a step-like manner from surface to
inward. After immersion for 504 h, the FF of all layers declined to lower
than that of control, and layers 3 and 4 had the FF larger than the sur-
rounding layers.

The average FF of 90 A peaked at 96 h of immersion increasing by
63.32 %, and reached a trough decreasing by 27.75 % after 432 h of
immersion. The average FF of SBS MA at 48 h increased to the maximum

value by 28.71 %, and it decreased to the minimum value by 39.00 % at
432 h. The maximum increment of SBS MA was less than that of 90A, but
the maximum decrement was greater than SMS MA. This might be
explained by the fact that the C=C of SBS broke in SBS MA after
immersion.

Based on the FF, the relation between erosion depth and immersion
period could be described as shown in Fig. 7. After immersion for 4, 6,
12, 48, 96, 144, 288, 366, 432 and 504 h, the erosion depth of 90 A
reached 27, 49, 108, 161, 214, 281, 352, 385, 277 and 391 pm, while the
erosion depth of SBS MA reached 23, 47, 70, 130, 205, 253, 293, 308,
322 and 353 pm, respectively. The relation between erosion depth and
period was suitable for the cubic equation to regression fitting, and the
R? was bigger than 0.9. The growth rate in 90 A and SBS MA declined
with period, and the growth rate and erosion depth in SBS MA was less
than that in 90 A. Compared with the FTIR analysis, the turning point of
the FF change was earlier than the Ic_p. It might be because of the
moisture erosion could also change the overall microstructure of
asphalt, and the rheological properties of asphalt were affected by the
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Table 6
CAs of 90 A and SBS MA after immersion (°).
Period (h) 90 A SBS MA
Control Distilled water Control Distilled water
4 93.5 92.9 92.1 91.8
93.0 92.6 92.5 91.6
12 93.5 92.6 92.8 91.9
48 93.0 91.6 92.0 91.5
96 93.4 91.1 92.4 90.8
144 93.3 91.9 92.7 90.1
288 93.1 91.6 92.3 90.2
336 93.2 91.5 92.7 90.0
432 93.1 88.2 92.9 89.4
504 93.2 91.8 92.6 89.1
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Fig. 7. Relation between erosion depth and immersion period (for FF).
microscopic structure in addition to C=0.

3.3. Adhesion property

The CA is directly related to the surface wettability, and the diagram
of CA measurement was presented in Fig. 8. The internal angle between
the probe liquid and the sample to be measured is defined as the CA. The
90° (6 = 90°) is the boundary of wettability. When the CA is higher than
90° (8 > 90°), it indicates that the probe liquids have poor wettability. If
the CA is less than 90° (6 < 90°), it manifests that the solvent is wetting
the surface. The results of CA test of the layer 1 immersed for different
periods were present in Table. 6. As could be seen from the table, the 0
between control with distilled water was greater than 90°, and 6 had no
evident changes with preparation time. It indicated that 90 A and SBS
MA belonged to hydrophobic material. After immersion, the CAs showed
a downward trend. According to surface energy theory, the CA between
asphalt and water can represent the wettability of asphalt and then
reflect the water-damage resistance property of asphalt [43]. It indi-
cated that the wettability of asphalt to distilled water increased over
immersion period, which was detrimental to the water damage resis-
tance of asphalt. The CA of 90 A immersed for 432 h decreased by 5. 26
% to reach the lowest value, while that of SBS MA immersed for 504 h
decreased by 3.78 %.

In asphalt mixtures, the asphalt-aggregate adhesion affects the
moisture damage resistance of the asphalt-aggregate interface. Herein,
the ER of different layers were be calculated by the contact angle as
illustrated in Fig. 9. The ER is the ratio of the Wy, and Wy, and is used
to evaluate the adhesion property of asphalt. The higher the ER value,
the better the adhesion property of the asphalt-aggregate combination.
The ER of all layers in 90A was greater than control during 0-288 h, the

Gas

Three phase

contact point
\‘

Fig. 8. Diagram of CA measurement.

Note: The CV of all CAs in parallel tests was lower than 4.00%.

ER in each layer of asphalt was close to the control step by step with
depth. This phenomenon may be due to the increase of polar compo-
nents caused by oxidative aging during moisture erosion, which in-
creases the adhesion of asphalt [44]. Among them, the layer 2 at 96 h
was the largest, and the rest of the layer 1 was the largest. The ER of each
layer immersed for 336 h was greater than the control, but layer 3 was
smaller than the surrounding layer. After immersion for 432 h, the ER of
all layers except layer 5 was greater than control. The ER of each layer
immersed for 504 h was smaller than the control, but the layer 4 was
larger than the surrounding layer. It illustrated that the phenomenon of
asphalt film stripping was likely to occur at these depths.

During 0-48 h of immersion, the ER of all layers in SBS MA were
greater than control. The ER at 96 h was slightly reduced, the layers 1-3
were roughly the same size, and the layers 4 and 5 were greater than the
control sample. Each layer immersed for 144-432 h decreased, and each
layer stepped towards control with depth. At 504 h of immersion, each
layer was smaller than the control sample, however the layer 4 was
greater than the surrounding layer. It illustrated that the phenomenon of
asphalt film stripping was likely to occur at these depths.

The variation pattern of the average ER was correlated with that of
the first layer. The average ER of 90 A peaked at 144 h of immersion
increasing by 10.72 %, and reached a trough decreasing by 2.79 % after
504 h of immersion. The average ER of SBS MA at 12 h increased to the
maximum value by 1.51 %, and it decreased to the minimum value by
8.37 % at 144 h. The minimum ER of SBS MA was still greater than 90A,
however the decrease of SBS was greater than 90, indicating that the
adhesion property of SBS MA was more easily affected by moisture.

Based on the data, the change rule of erosion depth with immersion
period was displayed in Fig. 10. The relation between erosion depth and
period was suitable for polynomial model to regression fitting, and the
R? was bigger than 0.9. After immersion for 4, 6, 12, 48, 96, 144, 288,
366, 432 and 504 h, the erosion depth of 90 A reached 27, 23, 60, 161,
167, 281, 294, 385, 432 pm and 391 pm, while that of SBS MA reached
23, 47, 70, 130, 205, 253, 234, 308, 322 and 374 pm, respectively. The
erosion depth of SBS MA was less than that of 90 A, which consisted with
the result of FTIR test and DSR test. The possibility that the unstable
behavior of every layer might be caused by experimental errors could
not be denied. Therefore, three characteristics were used to verify each
other. Only in this case can a convincing conclusion be drawn.
Compared with the FTIR and DSR analysis, the ER of 90 A began to
decline after immersion for 504 h, which was later than the I-_p and FF.
The phenomenon might be explained by the fact that moisture erosion
could also change the microstructure of asphalt, and the adhesion
property were affected by rheological properties and the chemical
structure. Thereby, there was a lag in the macro between the change law
of adhesion property with rheological properties and chemical structure.

3.4. Correlation analysis between Ic—o, FF and ER

Table 7 illustrated the correlation analysis results between I¢_o, FF
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and ER obtained by processing with software SPSS 22.0. The parameter r
represented Pearson correlation coefficient between two variates, and
the parameter p represented significance of correlation between two
variates. And when p < 0.01, the correlation was significant. Therefore,
the correlation between I¢_p and FF of 90 A was significant, while that
between the I¢_o and FF, Ic_p and ER and FF and ER of SBS MA were
significant. And the order of parameter r was as follow, FF-ER of SBS MA
(0.837) > Ic_o-FF of 90 A (0.756) > Ic_o-FF of SBS MA (0.675) > Ic—o-
ER of SBS MA (0.591). It could be judged that all four relations were
positively correlation, and the correlation between FF and ER of SBS MA
was maximized, while that between I_p and ER of SBS MA was mini-
mized. Subsequently, the regression analysis was conducted on the four
kinds of relation as illustrated in Fig. 11. The R? were all less than 0.9
due to the discreteness of data. Significantly, the correlation between
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Ic—o and FF of 90A was clear when the I_p was less than 0.7 %. And the
correlation between I¢—p and FF of SBS MA and Ic—o and ER of SBS MA
was obvious when the I¢_p was greater than 0.8 %. The data of FF and
ER in SBS MA were evenly distributed and the fitting equation could be
used as a reference. It indicated that the Ic_p of 90 A could be applied to
predict the FF when 0 < I¢c—o < 0.7 %. And the I¢_¢ of SBS MA could be
employed in predicting the FF and ER when 0.8 % < I¢—o < 1.4 %, and
FF and ER could be predicted each other.

3.5. Diffusion coefficient of eroded asphalt

By exploring the diffusion coefficient of eroded asphalt during
moisture erosion, the diffusion dynamic process of asphalt erosion can
be characterized to a certain extent, and the mechanism of erosion
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Table 7
Correlation coefficient between Ic_o, FF and ER of 90A and SBS MA (n = 76).
Ic—o FF ER
r p r p r p
90 A Ic.o  1.000 NA 0.756""  0.000  0.220 0.056
FF 0.756""  0.000  1.000 NA 0.084 0.470
ER 0.220 0.056  0.084 0.470  1.000 NA
SBSMA Ico  1.000 NA 0.675"  0.000 0.591"  0.000
FF 0.675"°  0.000  1.000 NA 0.837""  0.000
ER 0.591”"  0.000  0.837  0.000  1.000 NA

Note: ** Correlation is significant p at the 0.01 level (2-tailed).

Correlation is significant p at the 0.01 level (2-tailed).
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and d).
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asphalt changing with immersion period can be discussed, which has
important theoretical and practical significance for the parameter se-
lection of laboratory immersion test. It is found that when the I¢_ is less
than or equal to 0.01, and the order of magnitude variation of ER is
small, it is considered that the error is too large to calculate D [40].
Therefore, FF is more suitable for calculating the D of eroded asphalt,
which was calculated by substituting the FF into the Eq. (10)-(12). The
|FF| of control sample, the first layer and other layers was considered to
be the |FF|y, |FF|; and |FF|,, respectively. Table 8 illustrated the D of 90
A at different depths during immersion, and the magnitude order of D
was 10%-10" pm?/s. It was known from Fig. 6. a, that there was a
phenomenon that the FF of some layers was above, while that of else
layers was below that of control at 144 h of immersion. It was incon-
venient to calculate D and therefore not discussed. The maximum D at
each period was marked in bold, and it is found that the depth where the
maximum D was located increased with period from 0 to 336 h, indi-
cating that moisture erosion slowly spread to the deeper asphalt during
this erosion stage. And the maximum D at 432 and 504 h was again in
layers 3 and 4, indicating that probably 0-336 h was the first erosion
cycle, while 432 starts the next cycle, indicating that the moisture
erosion process on asphalt was cyclical.

Table 9 illustrated the D of SBS MA at different depths during im-
mersion, and the order of magnitude of D was 104-107" pm?/s. It was
known from Fig. 6b, that there was a phenomenon that the FF of some
layers was above, while that of else layers was below that of control at
96 h of immersion. And the FF of all layers except layer 6 was bigger than
that of control at 144 h of immersion. It was inconvenient to calculate D
and therefore the D of all layers at 96 h and layer 6 at 144 h were not
discussed. During 0-144 h, the depth where the maximum D was located
increased with period, indicating that moisture erosion slowly spread to
the deeper asphalt during this phase. The maximum D at 288-432 h was
again in layers 4, 5 and 7, and that at 504 h was layer 5, indicating that
probably 0-144 h was the first erosion cycle, while 288-432 h was the
second cycle and 504 starts the next erosion cycle again. Combined with
the analysis in FTIR, DSR and CA tests, it was possible that the mesh
structure of SBS reduce the migration rate of polar components from the
surface asphalt to the inner asphalt, and blocked the dissolution and
migration of asphalt components, resulting in a shorter erosion cycle
period.

The oxidation reaction of asphalt with oxygen molecules in water
can produce the polar molecules [20,29]. Due to the polarity of water,
the polar components in asphalt are more likely to be dissolved and
migrated, resulting in a gradual reduction of polar components during
immersion [30]. A combination of FTIR, DSR and CA tests revealed that
asphalt oxidation was dominant in the early stage of immersion, prob-
ably due to the fewer polar components in asphalt at this time. At the
later stage, the polar components generated by asphalt oxidation accu-
mulation gradually increased to a certain extent, so much that the
dissolution and migration of asphalt began to dominate. The asphalt
component ratio was constantly changing, because the oxidation,
dissolution and migration of asphalt occurred alternately in asphalt.
That might be the reason why the erosion behavior of the asphalt by
water showed cyclical.

4. Conclusions

In this study, the effect of moisture and immersion period on asphalt
binder of different depths was investigated to the moisture erosion depth
on asphalt and the relate mechanism analysis. And FTIR, DSR and CA
tests were conducted to monitor the changes in chemical component,
rheological properties and adhesion property respectively. The
following conclusions can be drawn:

(1) The entire asphalt film with the thickness of pavement in reality
have been eroded by moisture after 4 h of immersion. As the
erosion period increased, the performance changes present a
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Table 8

D of 90 A at different depths during immersion (1ot pmz/s).
Layer Immersion period (hour)

6 12 48 96 288 336 432 504

2 0.101 0.080 0.206 0.052 0.015 0.028 0.019 0.007
3 NA 0.461 1.583 0.196 0.067 0.103 0.089 0.044
4 NA NA 0.992 0.409 0.076 0.114 0.049 0.087
5 NA NA NA 0.352 0.086 0.163 0.066 0.141
6 NA NA NA NA 0.102 0.203 0.051 0.139
7 NA NA NA NA 0.127 0.237 NA 0.123
8 NA NA NA NA NA 0.186 NA 0.108

Table 9

D of SBS MA at different depths during immersion (10t pmz/s).
Layer Immersion period (hour)

6 12 48 144 288 336 432 504

2 1.429 0.144 0.057 0.001 0.004 0.004 0.011 0.387
3 NA 5.516 0.337 0.036 0.013 0.011 0.025 0.030
4 NA NA 0.426 0.274 0.363 0.033 0.049 0.073
5 NA NA NA 2.016 0.236 0.133 0.055 0.573
6 NA NA NA NA 0.099 0.126 0.068 0.483
7 NA NA NA NA 0.109 0.106 0.089 0.142
8 NA NA NA NA NA NA 0.079 0.135
9 NA NA NA NA NA NA NA 0.076

stepwise trend from surface to interior. And the relation between
erosion depth and immersion period is suitable for polynomial
model to regression fitting. It can be divided into three stages, the
growth process of erosion depth that is first urgent and then slow
and finally urgent. The depth growth of 90 A is greater than that
of SBS MA.

During 0-504 h of immersion period, oxidation, dissolution and

migration of asphalt occur alternately, resulting in a fluctuation

reduce of the I¢ — o, FF and ER of asphalt after TFOT Oxidation,

dissolution and migration of asphalt occur alternately leading to a

fluctuation of the I¢_o, FF and ER from large to small during

0-504 h of immersion period. At the macroscopic level, there is a

lag between the changes in adhesion property and the other two

properties. According to the correlation analysis, the correlation

between I¢c_o and FF of 90A is clear when the I_o is less than 0.7

%. And the correlation between Ic_p and FF of SBS MA and Ic—o

and ER of SBS MA is obvious when the I_g is greater than 0.8 %.

During the whole immersion cycle, the correlation between FF

and ER of SBS MA is satisfied, and the fitting equation can be used

as a reference.

(3) According to the calculation of diffusion coefficient, the moisture
erosion process on asphalt is found to be cyclical. During im-
mersion, the magnitude order of D in 90 A and SBS MA are 10
4-10"'um?/s. The mesh structure of SBS reduces the migration
rate of polar components from the surface asphalt to the inner
asphalt, and blocks the dissolution and migration of asphalt
components, resulting in a shorter erosion cycle period.

(2

—

The diffusion mechanism can provide a theoretical basis for the
development of laboratory moisture erosion test specification and anti-
moisture damage technology. However, oxidation, dissolution and
migration of asphalt may occur simultaneously at different depths dur-
ing moisture erosion, so that the Loglog model was not suitable for
simulation of the phenomenon. Therefore, future research can start with
a model more suitable for simulating this phenomenon.
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