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ARTICLE INFO ABSTRACT

Keywords: This study characterized the morphology, high-temperature property, rheological property, adhesion, cohesion,
Asphalt binder and chemical component of asphalt binder under aqueous solutions of different pH values. Then the physico-
pH value

chemical properties of asphalt binder were comprehensively evaluated by the improved radar chart. The
properties of asphalt binder stripped layer-by-layer were explored to elucidate its gradient damage behaviors.
The results indicate that the pH 3 solution reveals the greatest impact on the morphology of 90 asphalt (90 A)
and styrene-butadiene-styrene modified asphalt (SBS MA), leading to the wide cracks on 90 A and the network
cracks on SBS MA. The comprehensive assessment index of 90 A exposed to pH 3, pH 5, pH 7, pH 9, and pH 11
solutions can be reduced by 20.8%, 20.2%, 1.5%, 14.0%, and 25.5%, respectively. While for SBS MA, its cor-
responding values variation are 23.2%, 17.7%, 4.6%, 8.7%, and 13.0%, respectively. The acid solutions signif-
icantly affect the comprehensive properties of 90 A, but their pH value has little effect. 90 A exposure to the
higher pH value of alkali solution reveals the worse comprehensive properties. Acid solute and alkali solute can
aggravate the effect of aqueous solution on the comprehensive properties of SBS MA, and the degree of aggra-
vation increases with the increase of solute concentration. The properties of asphalt binders exhibit varied
gradient damage behaviors under different solute environments. The most serious damage occurs at 25-50 pym of
90 A and 0-50 pum of SBS MA. This study facilitates an accurate understanding of the mechanism of pavement
distresses and composition design and construction utilization of asphalt binders.

Aqueous solutions
Comprehensive assessment
Gradient damage behaviors

1. Introduction safety and the economic costs of asphalt pavement [7-9]. Therefore, the

in-depth study of moisture damage on asphalt pavement has important

Asphalt binder is a complex mixture of heavy hydrocarbons of
various structures, mixing aliphatic, naphthenic, and aromatic hydro-
carbons [1]. As a binder, it binds aggregates, fillers, and other materials
closely together. After uniform mixing, it is used in pavement engi-
neering. Asphalt pavement has advantages such as high ride comfort,
low noise, good crack resistance, and convenient construction, so it is
widely applied on municipal roads, highways, airport runways, etc [2,
3]. However, during service, it is prone to distress like stripping, slurry,
potholes, and cracking due to exposure to external environments such as
rainwater and groundwater [4-6]. This can seriously affect driving
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guiding significance for improving pavement durability.

With the rapid development of modern industry, industrial pollution
has become the most urgent problem facing mankind. The gas emissions
generated by the enormous chemical industry chain contain rich sulfur
dioxide and nitrogen oxides, which combine with atmospheric water
vapor to form acid rain with a pH of less than 3 [10,11]. The area of
alkali soil in China is about 36 million hectares, mainly distributed in
Northeast China and the Huang-Huai-Hai region [12]. The groundwater
in these areas is high in mineral substances, with a pH value generally
between 8.5-10 [13]. Deserts cover about one-third of the Earth’s land
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area [14]. The desert area in China is about 3.3 million square kilome-
ters, mainly distributed in Xinjiang, Inner Mongolia, Gansu, and other
provinces [15]. The groundwater pH near Dunhuang, Gansu can reach
above 11, which is strongly alkaline [16]. The groundwater in deserts
and alkali soils is moderate to strongly alkaline, and can easily infiltrate
into roadbeds through capillary action. As an important environmental
parameter, the pH value of the aqueous solution will have a certain ef-
fect on the physical and chemical properties of the asphalt binder,
causing erosion to asphalt pavement.

Asphalt binder is the binder in the mixture, and its physicochemical
properties directly determine the road performance of asphalt mixtures
and play a decisive role in the life of asphalt pavement [51]. For the
conventional performance indicators, some studies have shown that acid
and alkali solutions can reduce the softening point and viscosity of
asphalt binder, increase the degree of penetration, and reduce the
thermal stability, and the negative effect of acid solution is more sig-
nificant [17]. In terms of dynamic viscosity, the acid solution reduces
the composite viscosity of asphalt, while the alkali solution has less ef-
fect. With regard to aging properties, the aging resistance of asphalt can
be significantly reduced by acid and alkali solutions [18]. For the
characteristics of asphalt components, it can be found that acid solutions
result in a relative increase in aromatic hydrocarbons, while alkali so-
lutions cause an increase in the content of saturated hydrocarbons [19].
As far as the microstructure and morphology of asphalt are concerned,
both acid and alkali solutions can destroy its internal structure and
loosen the asphalt mesh structure [20]. Acid solutions can corrode the
asphalt film, creating more cracks and holes. Alkaline solutions promote
blistering of the asphalt surface. In terms of the interfacial bond between
asphalt binder and aggregate, both acid and alkali solutions can reduce
the interfacial bond strength. Acid solutions are more likely to destroy
the cohesion, while alkali solutions affect the adhesion [18]. The effects
of acid and alkali solutions on asphalt-based materials should not be
underestimated, thus the decay mechanism of asphalt binder under
different pH solutions has been gradually explored by scholars. Asphalt
contains several water-sensitive components (e.g. carboxylic acids, sul-
phonic acids, fatty amines, amides, esters, aliphatics, etc.), which can
interact with aqueous solutions [21]. The acid solution leads to oxida-
tion, stabilization, and polymerization of asphalt binder, resulting in
significant changes in asphalt properties [17]. The alkali solute inhibits
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the diffusion of water molecules and promotes the formation of
hydrogen bonds on the aggregate surface. Alkali solution is the most
destructive to the asphalt solution-aggregate interface [22]. In sum-
mary, the research on the effect of acid and alkali aqueous solutions on
asphalt performance has made some progress. However, the influence of
acid and alkali solution on the physicochemical properties of asphalt
binder has not been unified, and the influence of pH value has not been
comprehensively assessed [23]. Additionally, short-term exposure to
aqueous solutions leads to an increase in the elastic component and
stiffness of the asphalt binder, a decrease in the fatigue life of the asphalt
binder, and a decrease in the cohesion and adhesion to the aggregate
[18]. Long-term exposure to the aqueous solution leads to a reduction in
the polar component of the asphalt binder, an increase in the viscous
component, and a further reduction in the cohesion and adhesion to the
aggregate [24]. Exposure time has a significant impact on the change of
asphalt properties, and the deeper evolutionary mechanism regarding
the effect of acid and alkaline solution treatments on asphalt properties
remains to be further elucidated.

Therefore, considering the exposure time and the depth of the
asphalt layer, the research on the influence law of aqueous solution pH
on asphalt performance was carried out in this study. The research
scheme is shown in Fig. 1, the indoor simulation test methods, including
digital measurement (DM), softening point (SP) test, dynamic shear
rheometer (DSR) test, pull-out (PO) test, and Fourier transform infrared
spectroscopy (FTIR) test, were adopted to comprehensively assess the
influence law of acid and alkaline environments on the performance of
asphalt binder and its gradient damage behaviors. It can provide a
theoretical basis for understanding the mechanism of pavement dis-
tresses and for the design, construction, and use of asphalt binders.

2. Materials and experiments
2.1. Materials

The asphalt binders used in this study were base 90 asphalt (90 A)
binder with performance grade 70-22, and styrene-butadiene-styrene
modified asphalt (SBS MA) binder with performance grade 70-28.
Both were obtained from Inner Mongolia Xindalu Asphalt Co., Ltd (Inner
Mongolia, China). Due to their stable properties and wide availability,

Immersion test (pH 3, pH 5, pH 7, pH 9, pH 11 solution; 60 °C)

Comparison analysis based on radar
chart evaluation method

Layer by layer characterization
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Fig. 1. Research scheme.
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the aggregates selected were limestone, basalt, and granite sourced from
Wuhan Jiuhua Co., Ltd (Wuhan, China). The basic physical properties of
asphalt binders and the chemical components of aggregates were shown
in Table 1 and Table 2, respectively.

2.2. Sample preparation

The immersion experiment was used to simulate asphalt binders
exposed to wet environments with different pH values. Five kinds of pH
solutions were considered in this study, including pH 3, 5, 7, 9, and 11.
The pH 3 and 5 solutions were prepared by diluting concentrated sul-
furic acid and nitric acid in a molar ratio of 9:1 with distilled water.
Distilled water was used for the pH 7 solution. The pH 9 and 11 solutions
were prepared by dissolving solid sodium hydroxide in distilled water.
Five grams of molten asphalt binder were poured into glass dishes with a
diameter of 90 mm and placed in a vacuum oven at 120 °C for 0.5 h to
cool and form asphalt films of approximately 0.77 mm thickness. Then,
40 ml of the solutions with different pH values were poured into the
glass dishes, allowing the asphalt samples to be fully immersed in the
aqueous solutions. Since summer pavement temperatures often reach
60 °C, the test temperature was set to 60 °C to simulate the performance
deterioration of asphalt binders exposed to chemical environments with
different pH values under high summer temperatures. During immer-
sion, a portable pH meter was used to measure the pH value of the
aqueous solutions daily. If pH changes were detected, the immersion
solutions were replaced with freshly prepared solutions. After immer-
sion, the asphalt film surfaces were gently rinsed with distilled water to
remove residual chemical solutes. Then the films were placed in a
110 °C convection oven for 30 min to remove water from the asphalt
film surfaces. To distinguish the effects of solution exposure and tem-
perature during immersion, control samples were obtained by heating
under the same conditions without immersion. Because of the small
effect depth of the aqueous solution, the surface asphalt was extracted
by organic solvent stripping method and prepared as a sample to be
tested in order to avoid the influence of the unaffected asphalt in the test
on the results. First, 5 ml of trichloroethylene was added to dissolve the
surface of the asphalt films. The asphalt solutions were placed in a fume
hood for 72 h, followed by vacuum oven drying at 50 °C for 12 h to
completely evaporate the trichloroethylene. The FTIR test of dissolved
asphalt binder was used to ensure that trichloroethylene was completely
volatilized. The dissolution time was adjusted according to the required
sample thickness, and the film thickness was calculated using Eq. (1)
based on the extracted asphalt mass.

T:i (€8]

nr2p

Where T and m are the thickness and mass of asphalt film, respectively; p
is the density of asphalt binder; r is the radius of the glass dish.

The asphalt film thickness in asphalt pavement is determined by the
asphalt content and aggregate surface area. The theoretical value
calculated by the normative formula is approximately 6-15 uym [29].
However, the distribution of asphalt binder is non-uniform in actual
application. The 0.1-2 m thick of asphalt film was used for hydrostatic
exposure tests in several studies, no rationale or specification was given

Table 1
Physical properties of asphalt binders.
Technical information Units 90 A SBS MA Methods
Penetration (25 ° 0.1 mm 91.5 64.8 ASTM D5[25]
9]
Softening point N 44.3 72.1 ASTM D36[26]
C
Ductility (10 ° cm 90.2 61 ASTM D113[27]
Cc/5°
Q)

Solubility (trichloroethylene) % 99.7 99.6 ASTM D2042[28]
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Table 2
Chemical components of limestone, basalt, and granite.

Aggregate Content (%)

Si0, CaO Al,O3 Fe,03 MgO Other Loss
Limestone 6.31 42.18 2.15 0.64 6.13 0.63 41.96
Basalt 43.56 8.13 15.10 11.67 9.64 8.39 3,51
Granite 72.04 1.82 14.42 1.22 0.71 5.16 4.63

for their selection [29-31]. Therefore, the asphalt film with a thickness
of 0-100 pum on the surface was selected as the research object. Finally,
the samples at 0-25 pm, 25-50 um, and 50-100 pym were prepared for
testing.

2.3. Characterization methods

2.3.1. DM

Visual measurement technology has been widely applied in various
fields due to its unique advantages of non-contact and high precision
[32]. A monocular metallurgical microscope (DM3, XINNDA, China)
was employed to observe the surface morphology of asphalt binders
after immersion in aqueous solutions of different pH values. The work-
ing current (WC) was set at 366 mA, the magnification (mag) was 20X,
and the working distance (WD) was 20 mm.

2.3.2. SP test

The high-temperature physical property of asphalt binder was
characterized by the SP. The asphalt at 0-25 um obtained from stripping
method was heated to the molten state and then poured into the spec-
imen ring to prepare the sample. After 30 min at room temperature, a
hot scraper was used to remove excess sample surface, so that the sample
surface was flush with the sample ring. The specimen ring was placed at
5 °C for 15 min, and then the test was conducted according to the ASTM
D36 criterion [26]. The parallel test set for the test consisted of four
samples.

2.3.3. DSR test

The medium-temperature rheological properties and crack resistance
of the asphalt binder after immersion in different aqueous solutions were
evaluated using a DSR (Smartpave 102, Anton Paar Co., Germany). The
samples at 0-25 pm, 25-50 ym, and 50-100 um were selected for the
DSR test. The temperature scans from -10 to 30 °C were performed on
the immersed asphalt samples. The deformation was measured under
fixed frequency sinusoidal loading of 10 rad/s and characterized by the
complex shear modulus (G*) and phase angle (8) [33]. The asphalt
binder was prepared into samples with a diameter of 8 mm and a
thickness of 2 mm. The measurements were conducted with a heating
rate of 2 °C/min, and strain control of 0.5% [34]. According to the PG
grading test method, the G* and & of 90 A and SBS MA were considered
at 28 °C and 25 °C, respectively. The calculation method of temperature
was shown in the Eq. (2) [35].

- Th—T1

TC
2

4 @

Where T, is the temperature being considered; Ty and T; are the high
temperature grade and low temperature grade of asphalt, respectively.

2.3.4. PO test

The PO test was used to characterize the evolution of adhesion and
cohesion at the asphalt binder-aggregate interface under different pH
aqueous solution environments [36,37]. The samples at 0-25 pm were
selected for the PO test. The test mainly consisted of the following 7
steps, as shown in Fig. 2:
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Step 2: Ultrasonic clarity
of the aggregates
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v r Gaskets

Step 3: Preparation of
sandwich specimens

Step 6: Pull-out test
using UTM-25

Step 7: Image analysis of
the deboned interface

Step 4: Immersion of aqueous solution

w

Step 5: Installation

of clamp

Fig. 2. Procedures for the PO test.

1. Limestone, basalt, and granite were cut into blocks with dimensions
of 30 mm x 50 mmx 50 mm, and polished to eliminate the influ-
ence of surface roughness.

2. The aggregate blocks were placed in an ultrasonic cleaner for 30 min
to avoid residual particles and microorganisms on the aggregate
surfaces.

3. The cleaned aggregate blocks were placed in a convection oven at
160 °C for 4h to ensure complete water evaporation, and the
aggregate blocks were also heated to the asphalt mixing temperature.
The 30 mm x 50 mm surface of the aggregate blocks was chosen as
the test surface. Then the gaskets with a thickness of 0.2 mm and a
width of 10 mm were placed at the edges of the test surface to ensure
the consistent thickness of asphalt binder for each sample. An
appropriate amount of molten asphalt binder was placed on the test
surface, the size of which was 30 mm x30 mm. Pressure was applied
by another aggregate block of the same type on the test surface to
extrude a sandwich-structured specimen with aggregate-asphalt
binder-aggregate. After the sandwich specimens were cured at
room temperature for 4 h, the gaskets were removed.

4. The sandwich specimens were immersed in different aqueous solu-
tions (with pH 3, pH 5, pH 7, pH 9, and pH 11) and kept at 60 °Cin a
water bath for 24 h. Then the specimens were kept at 40 °C in a
convection oven for 24 h to ensure dry surfaces. Next, the specimens
were conditioned at — 10 °C in the UTM environmental chamber for
4h.

5. To avoid damage during installation, the clamps were first mounted
in the UTM instrument. The sandwich specimens were then
embedded in the clamps and fixed with screws.

6. The test parameters were set in the UTM software. A tensile force at
50 mm/min was applied on the top clamp, and the data was
collected at 0.01 s intervals to record the force-displacement curve.
The test was stopped when interface failure and debonding occurred.
Parallel tests were performed 3 times for each sample.

7. The two debonding aggregate surfaces were photographed and the
debonding area was calculated by image processing using Image Pro
Plus software.

After the PO test, the force-displacement curve of the sandwich
specimens was shown in Fig. 3. The force and displacement corre-
sponding to point A, which is the displacement at interface failure, are
defined as opax and emax [38]. Fracture energy (FE) is a measure of the
ability to resist crack propagation and is the energy required for the
material to fracture. The higher the FE, the greater the resistance to
cracking. FE was calculated by integrating the area under the
force-displacement curve, as shown in Eq. (3).

fo Dinax FdD

FE =
S

3

where F is the axial force corresponding to the displacement; ¢ is the

w -~

Axial force (kN)
[\

—

0 50 100 150 200 250 300

Displacement (mm)

Fig. 3. Force-displacement of sandwich specimens.
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displacement change of sandwich specimens; S is the area of the fracture
surface.

The area of aggregate uncovered by asphalt binder (Syncovereq) and the
entire interfacial area (S;q) Were calculated by Image Pro Plus soft-
ware. The proportion of the debonding area (S;q4,) to the interfacial area
was further calculated according to Eq. (4) [39]. When the percentage
was more than 50% then it was judged as adhesion failure and vice
versa.

Sunco\'ered
4
Slolal

Sratio =
2.3.5. FTIR test

FTIR (Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA)
was used to characterize the chemical composition of asphalt binder
after immersion in solutions of different pH values. The FTIR test con-
ducted on asphalt samples at 0-25 pm, 25-50 um, and 50-100 um. The
10 wt% asphalt was added to the CS; solution, then 3 drops of which
were dropped on the KBr chip. A heat lamp was used to apply thermal
radiation to ensure complete evaporation of the carbon disulfide from
the samples [40]. The samples were scanned 64 times over a range of
4000-400 cm ™ [41]. The carbonyl index (Ic=0), sulfoxide index (Is—p),
and vinyl index (Ic=¢) were used as indicators to characterize the
changes in asphalt chemical components, calculated using Eqs. (5)-(7)
[42,43].

A1700 cm-!
Ieo=gc—— (5)
0 ZAZOOO—GOO cm!
AlO?O cm!
o=g—— (6)
Z‘AZOOO—&)O cm!
Aggs e
Ie_c = 0o )

Z‘AZOO(LGOO cm!

where A1700cm1> A1030emt and Aggeen1 are the area of C=0, S—O and
C=C at the 1700 cm™, 1030 cm™ and 966 cm™ respectively;
XAs000_600cmt 1S the total area integral area between the infrared spec-
tral curve from 2000 cm™ to 600 cm™! and the baseline.

2.3.6. Radar chart analysis method

The radar chart analysis method is an intuitive multi-indicator
analysis and decision-making method [44]. It uses the graphical area
of radar charts to judge the pros and cons of different schemes. The
improved radar chart analysis method was cited to evaluate various
property indicators of asphalt binders under aqueous solution environ-
ments of different pH values, comprehensively reflecting the degrada-
tion of asphalt binder in the environment. In the first step, vector X =
{x1, X, ..., Xp} and vector Y = {y1, y2, ..., yn} Were used to represent a
group of objects to be evaluated and a group of corresponding indicators
respectively, thus establishing matrix A = (ajjaxx (i = 1,2, ..., n;j = 1,2,
..., n). In the second step, Eq. (8) and (9) were used to standardize and
nonlinearly transform the matrix data respectively [45].

a; — E(y;)
by = —— 8
! G(Yj) ®
2
rjj = Earctan(b;j) +1 9

where a;; and by are the indicators in the matrix and the standardized
matrix, respectively; E(y;) and o(y;) are the mean and standard deviation
of indicator j; ry; represents the j evaluation index of the evaluation object
after the non-linear transformation.

after the basic indicator non-linear transformation.

In the next step, the characteristic vector was calculated using Eqs.
(10) and (11).
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u = [Aj, L] a0

1)

where y; and k are the evaluation vector of evaluation object i, and the
number of indicators; A; is the area of the radar chart, representing the
integrated level of objective i; L; is the perimeter of the radar chart,
representing the difference between the indicators; and k is the number
of indicators.

Finally, the evaluation vector was determined based on the afore-
mentioned characteristic vector, thereby deriving the comprehensive
evaluation function. The calculation formula was shown in Eqgs. (12)-
(14).

€ = [eiheiz] 12)
A
1T MaxA,

L; (13)
Cip = A
21y [—
T

f(eih eiz) =/€i1 X e (14)

where e;; and e, are the relative area and perimeter, and f is the
comprehensive assessment index.

3. Results and discussions

3.1. Effect of pH value of the aqueous solution on the morphology of
asphalt binder

Based on previous studies, the effect of 21 d exposure on asphalt
binder is more obvious [46]. Therefore, the morphology of the asphalt
binder exposed to different chemistry for 21 d of immersion in aqueous
solutions with different pH values was investigated by DM, as illustrated
in Fig. 4. The surface of 90 A exposed to pH 3 formed a film full of
wrinkles, and the film was torn to show a clear wide crack, with the
black area representing the exposed internal asphalt binder. The pH 5
solution caused small cracks to appear on the rough surface of 90 A. The
pH 7 solution caused the surface of 90 A to become looser, revealing
more internal asphalt binder. The small cracks appeared on the smooth
surface of 90 A exposed to pH 9, and the white particles on the surface
might be NaOH crystals or the salt produced by a saponification reaction
between asphalt and NaOH solution [47]. The pH 11 aqueous solution
caused the surface of 90 A to develop a denser mesh of cracks. It indi-
cated that the surface of 90 A was most severely eroded by the pH 3
solution, causing a plastic film to form on the surface, which further
invaded the interior by tearing the surface film. The surface components
were partially dissolved by the pH 5 and pH 7 aqueous solutions grad-
ually. The fine cracks on the 90 A exposed to pH 9 and pH 11 may be the
result of the sodium hydroxide solute in the aqueous solution pene-
trating the surface, as crystals still appeared after the surface was
cleaned.

The surface of SBS MA control evenly distributed white dots, which
might be the uniform distribution of SBS. The surface of SBS MA exposed
to pH 3 was rough and accompanied by small cracks, while the surface of
SBS MA exposed to pH 5 revealed plush cracks with greater roughness in
the center of the cracks. The surface morphology of SBS MA exposed to
pH 7,9, and 11 was similar with a slight increase in surface roughness. It
suggests that SBS MA is most seriously eroded by the pH 3 solution,
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Fig. 4. Morphology of asphalt binders exposed to aqueous solution with different pH values for 21 days.

which might be acidic solutes tearing the SBS MA surface and further
invading to make the surface rough. The surface morphology of SBS MA
was not significantly affected by the pH 7, 9, and 11 aqueous solutions.
After exposure to aqueous solution, the surface morphology of SBS MA
was significantly smaller than that of 90 A. It was possible that the
uniform distribution of SBS on the surface of SBS MA prevented the loss
of asphalt components.

3.2. Effect of pH value of the aqueous solution on physicochemical
properties of asphalt binder

3.2.1. High-temperature property of asphalt binder
The softening points of asphalt binders were compared to analyze the
effect of pH value on the high-temperature property, as illustrated in

Fig. 5. The points and bars were the test data and error bars of data,
respectively. The experimental results are average values with standard
errors. The softening points of asphalt binder exposed to aqueous solu-
tions for 21 days exhibited varying degrees of reduction, implying the
solutions softened the asphalt binder. The similar softening points of
90 A after exposed to pH 3, 5, and 7 solutions indicated that the high-
temperature property was predominantly affected by moisture rather
than the pH value of the acid solution. However, the softening point
increased with the ascending pH value of the alkaline solutions, sug-
gesting that the presence of alkaline solutes inhibited moisture exposure
of 90 A. The softening point of SBS MA decreased with a reducing pH
value, demonstrating greater sensitivity to acidic solutions. This could
be attributed to the chemically degraded into small molecules by the
acid solution and the destruction of the SBS network structure [48]. The
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Fig. 5. Softening point of the asphalt binder before and after immersion for
21 days.

pH 3 solution reduced the softening point of 90 A and SBSMA by 9.32%
and 9.35%, respectively. SBS MA was more sensitive to the pH value of
aqueous solution compared with different pH values. This showed that
SBS reacted more easily with aqueous solution than asphalt molecules.

3.2.2. Medium-temperature rheological property of asphalt binder
The medium-temperature rheological properties of asphalt binder
were characterized by the G* and 8, as shown in Fig. 6. The G* is the
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Fig. 6. G* and & of the asphalt binder before and after immersion for 21 days
(a, 90 A; b, SBS MA).
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ratio of the maximum shear stress to the maximum shear strain, the
index of the total resistance of a material to repeated shear deformation
[49]. A larger G* indicates that the asphalt has a stronger resistance to
deformation. The § is related to the time lag between the stress and the
strain, reflecting the viscoelastic ratio of asphalt [34]. The greater the 5,
the greater the viscosity, the better the asphalt flow properties. From
Fig. 6a, the G* of asphalt binder decreases with rising temperature,
while the § elevates with increasing temperature. This is determined by
the viscoelastic properties of asphalt binder under different temperature
conditions, indicating that the rheological behavior of asphalt binder
changes from elastic to viscous. After the exposure of the aqueous so-
lution, the G* decreases, and the & increases. The pH 7 solution has the
greatest effect, and the G* gradually increases to the proximity of that of
the control sample as the pH value decreases or increases. The change
rule of 6 with pH was opposite to that of G*. It indicated that water
gradually transformed the asphalt from elastic to viscous state. This
might be because the dissolving and migrating effects of water on
asphalt dominate at this stage. Previous studies have shown that asphalt
oxidation generally occurs in the pre-exposure period, while asphalt
dissolution and migration will dominate in the later period [17,18,24].
In contrast to the pH 7 solution, the addition of acid and alkali solutes
hindered the asphalt binder from changing from elastic to viscous, and
delayed the attenuation of asphalt deformation resistance.

From Fig. 6b, the G* of SBS MA reduced while the § of SBS MA
increased after immersion in different solutions. The G* of SBS MA
exposed to the pH 3 solution is the lowest, while the G* increases
gradually when the pH value increases to 7. With a further increase in
pH value, the G* of SBS MA decreases sequentially. The deformation
resistance of SBS MA was further weakened by acid and alkali solutes,
which was the result of the chemical reaction between SBS and solutions
leading to a reduction in SBS content. The § of SBS MA exposed to
different solutions increased in the opposite trend to the G*. These re-
sults indicated that both acid and alkali solutes could promote the
transformation of asphalt from elastic to viscous.

In order to quantify the effect of different pH values on the G* and 5,
the change degree in the G* and & of 90 A and SBS MA at 28 °C and 25 °C
was quantified, as shown in Table 3. It could be found that the degra-
dation degree of 90 A resistance to deformation by pH 7 solution was
1.95 times more than that by pH 3 solution and 3.84 times more than
that by pH 11 solution. And the order of magnitude of the effect of
different pH value on the § was as follows, pH 9 > pH 5 > pH 7 > pH
11 > pH 3. This indicated that the asphalt viscoelastic component was
more affected by the alkali solute, but the effect decreased with
increasing solute concentration. The weakening effect of acid and
alkaline solutions on the deformation resistance of SBS MA was very
significant, with that of pH 3 solution and pH 11 solution acting 2.27 and
1.98 times more than that of pH 7 solution, respectively. In addition, pH
3 solution and pH 11 solution affect the & of SBS MA to a degree of 15.56
and 3.32 times that of pH 7 solution. Consistent with the softening point
test results, the sensitivity of the rheological properties of SBS MA to the
pH value of aqueous solution was greater than 90 A.

3.2.3. Cohesion of asphalt binder and adhesion between asphalt binder and

aggregate
Sandwich specimens exposed to aqueous solutions with different pH

Table 3

Variation of G* and § of asphalt exposure to aqueous solution (%).
pH value 90 A (28 °C) SBS MA (25 °C)

G* S G* 3

pH3 -16.96 1.31 -46.37 7.78
pHS -23.52 4.03 -34.03 2.87
PH7 -33.07 2.67 -20.44 0.50
pHO9 -12.92 4.42 -27.33 1.59
pH11 -8.61 2.06 -40.55 1.66
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values were tested in PO tests to obtain the interfacial FE, and the S4, in
chemical environments was quantitatively characterized, as depicted in
Fig. 7. The FE of the 90 A-aggregate interfaces were all significantly
reduced after aqueous solution exposure, with pH 7 causing the least
damage to the interfacial FE. For 90 A-limestone, the FE was more
sensitive to pH 11 and pH 3, which reduced the FE by 81.47% and
68.23%, respectively. The interfacial failures were adhesion failures,
with the S;44, changes within 5% across solutions, indicating minimal
pH effect on the 90 A-limestone interfacial failure type. For 90 A-basalt,
the interfacial FE at dry was larger than that of 90 A-limestone, attrib-
uted to basalt’s surface with tiny pores. Cohesion failure occurred in pH
5 and pH 7 environments and the S,q;, reached a minimum of 27.54% in
pH 7 environments, but the FE was similar to that of the control. It
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suggested that the main damage to the interface was adhesion rather
than cohesion. This is because the surface was rich in pores, and the
embedded structure was formed after asphalt infiltration. The interface
FE and S;q44, in pH 3 and pH 5 environments were smaller than those in
pH 9 and pH 11 environments. It indicated that the acid solution had a
greater degree of damage to cohesion. Both pH 9 and pH 11 solutions
made the S,q4, larger than the control, indicating that the alkali solution
was more likely to cause interface adhesion damage. The 90 A-granite
interfaces showed the smallest FE due to granite’s smooth and non-
porous surface with > 66% SiO, content, making it acidic with poor
physical and chemical interaction with the acidic asphalt binder. The
interfacial cohesion was easily damaged by acid solutions, while the
interfacial adhesion was easily damaged by alkali solutions..
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Fig. 7. FE between asphalt binder and aggregate in aqueous solution with different pH values for 21 days (a, 90 A; b, SBS MA).
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Fig. 8. FTIR spectrum of asphalt binder after immersion for 21 days.

The interfacial adhesion failure occurred between SBS MA and
limestone under wet conditions, with the fracture energy (FE) unaf-
fected by pH value (changes within 5%). The Sy, increased slightly
with increasing pH value, indicating that the pH value manifested a
slight negative effect on interfacial adhesion. Except for the SBS MA-
basalt in the pH 11 environment, the FE of the SBS MA-basalt inter-
face and SBS MA-granite interfaces increased with the ascending pH
value, and both of them were adhesion failures. Their FE was reduced by
32.00% and 23.11% in pH 3 environments, respectively. The S;q, of SBS
MA-basalt decreased as the pH value increased, approaching 50% at pH
11. This indicated that the cohesion damage and adhesion damage to the
SBS MA-basalt interface increased, and the adhesion damage to the SBS
MA-granite interface decreased with rising pH values. Potentially, alkali
solutions promote the emulsification between the asphalt binder and
water, weakening the cohesion bonds within the asphalt binder [50].
The FE of SBS MA-aggregate after exposure to aqueous solution was
basically greater than that of 90 A-aggregate, indicating that the
network structure of SBS polymer enhanced the adhesion between
asphalt and aggregate. The S,4;, of SBS MA-limestone was less than
90A-limestone, manifesting the cohesion of SBS MA-limestone was
greater than 90 A. In addition, the SBS MA-aggregate interface had the
stronger resistance to effect of aqueous solutions, and was less affected
by pH value.
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3.2.4. Chemical component of asphalt binder

After exposure to the aqueous solution with different pH values, the
FTIR spectrums of asphalt samples were characterized, as displayed in 0.
Obvious changes occurred in some peaks at 1700 cm™ and 1030 cm™,
representing carbonyl and sulfoxide groups. They are often used as the
main oxidation products of asphalt binders to observe oxidation,
dissolution, and migration. The characteristic peak at 966 cm™ in SBS
MA is also a key peak, formed by the out-of-plane rocking vibrations of
the C-H segments of the olefin (C=C) in trans-butadiene. It can be used
to characterize the degree of degradation of SBS. To avoid subjective
visual judgment limitations, the characteristic peak indexes were
calculated, as shown in Fig. 9. The points and bars were the test data and
error bars of data, respectively. The experimental results are average
values with standard errors. After exposure to the aqueous solutions, the
Ic—0 of 90 A decreased, and the Is—q increased. This might be because
the polar component is stripped by dissolution reducing the Ic—o.
Meanwhile, the olefins in the asphalt binder underwent esterification
with sulfuric acid to form sulfites or sulfates. Then the cationic in-
termediates formed by their reaction with the isomeric alkanes reacted
with the olefins to produce long-chain isomeric alkanes with sulfoxide
groups [19]. The Ic—o first decreased then increased with pH value,
reaching the maximum and minimum at pH 7 and pH 11, respectively.
The Is—p decreased with increasing pH value, that of the sample exposed
to pH 3 solution increased by 52.67%, while that of the sample exposed
to pH 11 increased by 9.56%. This indicated that the chemical compo-
nent of 90 A was more sensitive to the aqueous solutions with low pH
values.

The Ic—p of SBS MA exposed to aqueous solution increased, with
increases of 41.04% and 63.54% at pH 9 and 11, respectively. The Is—g
fluctuated up and down with pH value, decreasing by 8.57% at pH 3 and
increasing by 35.91% at pH 7. The Ic—c decreased at wet but increased
then decreased with pH value, with decreases of 17.88% and 17.09% for
pH 3 and 11 solutions, respectively. It indicated that acid solution and
alkaline solution promoted the oxidation of asphalt binder and the
degradation of olefinic double bonds in butadiene. It could be seen that
the C=0 and S=O change to a lesser extent than C=C, indicating that
SBS molecules were more susceptible to attack by pH 3 acidic solutions
than 90 A asphalt molecules. The underlying mechanism is that the ester
bonds in SBS can be hydrolyzed by the acid solution to form carboxylic
acids and alcohols [48]. Additionally, SBS can undergo sulfidation re-
actions with sulfuric acid to generate sulfoxides, which destroys the
micro-phase separation structure of SBS, weakening its compatibility
with asphalt. This might be the reason why the phase angle of SBS MA
affected by acid solution is greater than 90 in Fig. 6.
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Fig. 9. Characteristic peak indexes of asphalt binder after immersion for 21 days (a, 90 A; b, SBS MA).
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3.3. Comparison analysis based on radar chart evaluation method

The radar chart analysis method was conducted to comprehensively
evaluate the effect of the pH value of the aqueous solution on the
physicochemical properties of 90 A and SBS MA. Nine evaluation in-
dexes including softening point (SP), G*, 8, FE with limestone (FE)),
fracture energy with basalt (FEp), fracture energy with granite (FEy),
Ic—0, Is=0, and Ic—c were incorporated into the radar charts. The nine
indicators in the 12-group matrix A were given in Table 4.

The indicators are subsequently normalized and non-linearly trans-
formed then plotted as radar charts as in Fig. 10. The charts visualized
the effect of pH value on the physicochemical properties of asphalt
binder, with larger sector areas indicating greater index values. The
variations of 3, FE|, FEy, FEg, Ic=0, Is=0, and Ic=c are more obvious in
the environment chemistry. The dissolution and migration of asphalt
binder exposed to the aqueous solution leads to a decrease in the polar
components and an increase in the viscous components. Hence, the
adhesion between asphalt binder and aggregate is markedly weakened.
The charts demonstrated that the effect of the aqueous solution on the
property indexes of 90 A and SBS MA was more significant at extreme
acidic/alkaline pH levels. Furthermore, SBS MA exhibited substantially
higher chemical resistance than 90 A. Optimal asphalt types can thus be
selected from the radar charts when designing asphalt pavements tar-
geting enhanced performance.

The evaluation vector was calculated, as tabulated in Table 5. The
comprehensive evaluation function (f) results across the 12 sample
groups are plotted in Fig. 11. The results showed that the f of all samples
decreased after the exposure to the aqueous solution. The pH 3, pH 5, pH
7, pH 9, and pH 11 solutions reduced the f of 90 A by 20.8%, 20.2%,
1.5%, 14.0%, and 25.5%, respectively. It signified that the properties of
90 A were affected by the acid solution significantly, though the pH of
the acids had minimal impact. In contrast, 90 A exhibited greater
sensitivity to alkali solutions, and the greater the pH value of the alkali
solution, the greater the degree of damage. For SBS MA, the pH 3, pH 5,
pH 7, pH 9, and pH 11 solution decreased the f by 23.2%, 17.7%, 4.6%,
8.7%, and 13.0%, respectively. It demonstrated that the existence of
acid and alkali solute aggravated the damage of aqueous solution to
asphalt properties, and the effect of acid solute was greater than that of
alkaline solute.

3.4. Gradient damage behaviors of asphalt binder exposed to the aqueous
solution with different pH value

To investigate the gradient damage behaviors of properties of asphalt
binder, asphalt surface layers of 0-25 um, 25-50 pm, and 50-100 pm
were stripped from asphalt binder after immersion in different solutions

Table 4
Matrices for evaluation indicators of asphalt binder.
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for the FTIR test. It can be seen from the above experimental results that
the effects of pH 5 and pH 9 were less pronounced than pH 3 and pH 11,
but their trends aligned. Thus, irrespective of solute concentration on
asphalt properties, pH 3, pH 7, and pH 11 were regarded as acid, neutral,
and alkali solutions. Fig. 12 depicted the effect of three factors, including
pH value, immersion time (7 days, 14 days, and 21 days), and depth, on
the Ic—p and Is—p of 90 A. The Ic— of 90 A was most affected by the pH
3 solution to decrease significantly. However, the Ic—g at 0-25 pm was
greater than at 25-50 um. It indicated the dissolution and migration of
carbonyls occurred within 0-100 pym, while the oxidation reactions to
form carbonyls took place at 0-25 um. As time increased, the oxidation
at 0—25 um was gradually promoted and the carbonyls diffused inward.
It weakened the effect of the pH 3 solution on the chemical components
of 90 A, suggesting the oxidation reactions to form carbonyls was the
major trend under pH 3 aqueous exposure for the long term. After 90 A
was exposed to pH 3 for 7 days, the Is=p greatly increased, likely
because sulfuric acid reacted with 90 A within 0-50 um to extensively
generate sulfenyl groups. Additionally, the Is—p at 0-25 um was lower
than 25-50 um, signifying the oxidation to form sulfoxide occurred at
90 A within 0-100 pm, alongside the dissolution and migration of sulf-
oxide occurred at 90 A within 0-25 pm. The Is—p gradually decreased
over time, reaching the value of the control sample at 21 days. It could
be seen that carbonyl and sulfinyl groups exhibited some competitive
interplay, with opposing tendencies.

The pH 7 solution caused a gradual dissolution and migration of the
carbonyl groups in the asphalt binder from the surface to the deeper
layers, and the Ic—¢ fluctuated and decreased with time. Meanwhile, the
Is—o increased and was not much affected by the immersion time.
Nonetheless, the effect of dissolution and migration led to an order of
magnitude of the Is—p of 50-100 um > 25-50 um > 0-25 pm after 7
days. After 14 days, the generation of the sulfenyl group might domi-
nate, leading to the gradual oxidation of the asphalt binder from the
surface to the interior. The Is—p was the smallest at 0-25 pm after 21
days, which suggested that the oxidative, migration, and dissolution of
the sulfenyl group alternated cyclically [24].

After 90 A was exposed to pH 11 for 7 days, the Ic=¢ slightly
increased in the order of 0-25um < 25-50 um < 50-100 pym. This
might be because the oxidation of 90 A accumulated carbonyls within
0-100 um within 7 days, but gradual dissolution and migration at
0-50 um led to lower Ic—p versus 50-100 um. As time elapsed, the
further dissolution and migration of carbonyls at 0-25 ym caused the
carbonyls at 50-100 um to gradually diffuse into 0-25 ym. The Is—¢ of
90 A exposed to the pH 3 for 3 days increased, and the Is—p at 0-25 pm
was the maximum. It indicated the oxidation reaction to form the sulf-
oxide group occurred within 0-25 pm. After 14 days, 0-25 pm was
lower than 25-50 um, suggesting the oxidation depth reached

Asphalt pH High-temperature Medium- Adhesion Chemical components
binder value property temperature
rheological
property
SP G* 5 FE to limestone FE to basalt FE to granite Ic=o Is—o Ie=c
Q9] (MPa) © (MPa) (MPa) (MPa) (%) (%) (%)
90 A Control 45.9 0.3933  67.34 0.40 0.99 0.27 7.14 2.68 NA
3 42.0 0.3265 68.22 0.13 0.56 0.14 5.41 4.10 NA
5 41.7 0.3008  70.05 0.20 0.66 0.15 5.16 3.55 NA
7 41.8 0.2632  69.14 0.36 0.96 0.24 5.09 3.44 NA
9 43.0 0.3424  70.31 0.19 0.75 0.17 6.13 3.23 NA
11 44.3 0.3594 68.73 0.07 0.65 0.16 6.41 2.94 NA
SBS MA Control 76.5 1.9368  64.30 0.53 0.91 0.46 3.27 3.23 2.11
3 69.3 1.0388  69.30 0.38 0.62 0.36 3.30 2.95 1.73
5 70.3 1.2777 66.15 0.40 0.69 0.39 3.32 2.97 1.99
7 71.6 1.5410 64.62 0.42 0.71 0.40 3.45 4.39 2.80
9 73.1 1.4075  65.32 0.38 0.73 0.41 4.62 4.21 1.85
11 73.5 1.1515  65.37 0.38 0.71 0.43 5.35 3.65 1.75
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Fig. 10. Radar charts for 90 A and SBS MA responding to pH value (a, control; b, pH 3; ¢, pH 5; d, pH 7; e, pH 9; f, pH 11).

Table 5
Eigenvectors u; and evaluation vectors v; in the matrix.

Asphalt binder RAP content (%) u; = [A;, Lil v; = i1, vi2l

90 A Control [3.9017, 6.3266] [0.6782, 0.9035]
3 [2.5593, 4.8998] [0.4449, 0.8640]
5 [2.5052, 5.0297] [0.4355, 0.8964]
7 [3.6837, 6.3174] [0.6403, 0.9285]
9 [2.9188, 5.4066] [0.5074, 0.8927]
11 [2.2679, 4.6040] [0.3942, 0.8624]

SBS MA Control [5.7530, 7.8346] [1.0000, 0.9214]
3 [3.4340, 5.9741] [0.5969, 0.9094]
5 [3.8556, 6.4833] [0.6702, 0.9314]
7 [5.1774, 7.5215] [0.9000, 0.9325]
9 [4.6512, 7.2595] [0.8085, 0.9495]
11 [4.2467, 6.9050] [0.7382, 0.9452]

25-50 um, while the dissolution of the sulfoxide group began at
0-25 um. After 21 days, the Is— slightly increased in the order of
0-25um < 25-50 ym < 50-100 ym showing the oxidation depth
expanded to 50-100 pym.

The characteristic peak indexes of SBS MA samples at different
depths were depicted in Fig. 13. The Ic—p of SBS MA was minimally
unaffected by the pH 3 solution, while the Is—¢ slightly decreased, with
the least Is—p at 25-50 pm. It manifested that the dissolution and
migration of SBS MA occurred in 0-50 pum, while the oxidation mainly
occurred in 0-25 pm. With prolonged pH 3 exposure, the Ic—¢ declined
without obvious depth-dependent patterns. It indicated that SBS was
gradually chemically degraded by pH 3 solution, but the degradation
state at different depths was related to the distribution of SBS in the
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Fig. 11. Comprehensive assessment index of asphalt binder immersed in
aqueous solution with different pH values.

asphalt binder.

After immersion in pH 7 for 7 days, the Ic—p of SBS MA increased at
0-50 um and decreased at 50-100 um. At 14d and 21d, the Ic—¢ fluc-
tuated around the control values, indicating alternating dissolution,
migration, and oxidation of SBS MA. The Is—o first increased then
decreased with exposure time in the pH 7 solution and gradually
increased with depth, with the Is—g at 50-100 um greater than 0-50 pm.
This suggested the dissolution depth of sulfoxide was 0-50 um, while the
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Fig. 13. Characteristic peak indexes of SBS MA samples at different depths.
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oxidation depth was 0-100 pm. In addition, the Ic—¢ was barely affected
by the pH 7 aqueous solution.

After 7 days and 21 days of exposure to the pH 11 solution, SBS MA at
0-25 um was oxidized to form the carbonyl, which gradually diffused
inward. A certain degree of dissolution of the asphalt binder was
generated within 0-50 pm after 14 days. Meanwhile, the carbonyl index
elevated gradually with the ascending time. It indicated that the disso-
lution, migration, and oxidation occurred alternately, but the oxidation
reaction that produced the carbonyl group was dominant. As time pro-
gressed, the Is—¢ first increased and then decreased, with 0-50 um being
the most markedly affected. It suggested the effect depth was 0-50 um,
while compositional changes at 50-100 um depth were caused by
diffusion from 0-50 pm. The slight decrease of Ic—¢ at 0-25 pm after 21
days signified that the pH 11 solution had a smaller impact on the
degradation of SBS at different depths of SBS MA.

4. Conclusions

This study characterized the high-temperature property, medium-
temperature rheological property, adhesion, cohesion, and chemical
compositional changes of asphalt binder under aqueous solutions of
different pH values. The improved radar chart was utilized to evaluate
its comprehensive properties. The layer-by-layer stripping of asphalt
binder was studied to elucidate the evolution behavior of properties.
According to the above analysis results, the following conclusions can be
summarized.

(1) The dissolution and cracking phenomena occur on the micro-
scopic surface of asphalt binders under aqueous solutions of
different pH values. The pH 3 solution demonstrates the greatest
effect on the morphology of 90 asphalt and SBS MA, resulting in
the wide cracks on 90 A and the network cracks on SBS MA.
Neutral and alkali solutions have no significant effect on the
microscopic morphology of SBS MA.

(2) The improved radar chart illuminates that the pH 3, pH 5, pH 7,
pH 9, and pH 11 solutions reduced the f of 90 A by 20.8%, 20.2%,
1.5%, 14.0%, and 25.5%, respectively. For SBS MA, the pH 3, pH
5, pH 7, pH 9, and pH 11 solution decreased the f by 23.2%,
17.7%, 4.6%, 8.7%, and 13.0%, respectively. The acid solutions
significantly affect the comprehensive properties of 90 A, but
their pH value has little effect. When pH is greater than or equal
to 7, 90 A exposure to the higher pH value reveals the worse
comprehensive properties. Acid solute and alkali solute can
aggravate the effect of aqueous solution on the comprehensive
properties of SBS MA, and the degree of aggravation increases
with the increase of solute concentration.

(3) Asphalt binder exhibits distinct gradient damage behaviors under
different solute environments. The Ic—p and Is—o of 90 A at
0-100 um are easily damaged by aqueous solutions, with the pH
3 solution causing the greatest damage at 25-50 pm. The Ic=o
and Is—g of 90 A are damaged from the surface to the inner layers
by the pH 7 and pH 11 solutions. The Ic=q, Is=0, and Ic=c of SBS
MA at 25-50 pym are most reduced by the pH 3 solution, followed
by 50-100 ym and 0-25 pm. The Ic=p, Is=0, and Ic=c of SBS MA
are initially increased and then decreased back towards the
control level in the pH 7 solution, with the most serious damage
occurring at 25-100 um. In the pH 11 solution, the Ic=o, Is—0, and
Ic—c are influenced layer by layer, with 0-50 um being more
affected.

The above conclusions have comprehensively assessed the influence
law of acid and alkaline environments on the performance of asphalt
binder and verified its gradient damage behavior. The findings pre-
sented in this study provide a theoretical basis for exploring the damage
mechanism of pavement and the application design of asphalt binder.
Further research is essential to investigate the performance evolution
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behavior across multiple length scales including asphalt mastic, mortar,
and mixture.
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