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Highlights

What are the main findings?

e  Bio-based oils superiorly enhance asphalt adhesion to acidic granite.
e  Carbonyl and aromatic groups in bio-oils promote interfacial bonding.

What are the implications of the main findings?

e Digital image processing enables objective quantitative adhesion analysis.
e  Bio-oils optimize low-temperature cracking resistance of asphalt mixtures.

Abstract

The utilization of waste and renewable oils as asphalt modifiers is a crucial strategy for
achieving sustainable development in pavement engineering. However, the different
physicochemical effects exerted by oil sources (bio-based versus petroleum-based) on the
asphalt-aggregate interface remain insufficiently understood. This study aims to elucidate
the influence mechanism of two bio-based oils and two petroleum-based oils on asphalt
adhesion and the pavement performance of mixtures. A quantitative evaluation method
combining the boiling test with digital image processing (DIP) technology was developed
to assess the anti-stripping performance of modified asphalt on different lithological ag-
gregates (acidic granite and alkaline limestone). Additionally, Fourier transform infrared
spectroscopy (FTIR) was employed to reveal the chemical evolution of the modified as-
phalt. The results indicated that, although all oil-based modifiers demonstrated excellent
compatibility and storage stability with the base asphalt (segregation ratio < 5%), their
adhesion properties were significantly influenced by aggregate lithology. The key finding
was that, compared to petroleum-based oils, bio-based oils exhibited superior adhesion per-
formance on acidic granite surfaces, markedly mitigating moisture-induced stripping. FTIR
analysis confirmed that this enhancement was attributable to the aromatic and carbonyl
functional groups introduced by bio-based oils, which effectively promoted the interfa-
cial bonding. Furthermore, bio-oil-modified mixtures exhibited optimal low-temperature
cracking resistance without compromising high-temperature stability. These findings elu-
cidate the mechanism by which bio-oil enhances the water-damage resistance of acidic
aggregate systems, providing a theoretical basis for the optimized selection of sustainable
asphalt modifiers.
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1. Introduction

The asphalt pavement construction industry urgently needs a considerable amount of
asphalt materials, but the non-renewable petroleum resources mean that asphalt materials
are unsustainable. Currently, the partial substitution of asphalt with recycled oils and
bio-oils has been proven to have significant potential to promote the high-performance and
sustainable development of asphalt pavement [1-5]. However, there are numerous kinds
of oils added to asphalt, and different oils have different effects on asphalt adhesion and
low-temperature properties [6-8]. Meanwhile, the moisture damage of asphalt pavement
occurs under rainfall and traffic loading after the low-temperature cracking phenomenon of
pavement. The moisture damage of asphalt pavement is mainly caused by the weakening of
adhesion between aggregate and asphalt binder, the weakening of cohesion of the asphalt
mixture, or the combined effect of both mechanisms [9-12]. Therefore, it is necessary
to investigate the effect of different oils on asphalt-aggregate adhesion and the road
performance of the asphalt mixture.

The application of waste or renewable oils as asphalt modifiers not only improves
asphalt properties, but is also ecologically beneficial [13,14]. Currently, many stud-
ies have been conducted on the low-temperature properties of oil-modified asphalt
materials [15-20]. In terms of an asphalt binder, Hill [21], You [22] and Wen [23] incor-
porated a bio-binder derived from swine manure and waste cooking oil into asphalt, inves-
tigated its effect on the rheological properties of asphalt, and the results showed that the
high-temperature deformation resistance of asphalt deteriorated, while its low-temperature
crack resistance improved. Zhang et al. [24] selected bio-based oils, petroleum-based oils,
and refined waste oils to prepare oil-modified asphalt, and indicated that these oils could
relatively improve the low-temperature properties of asphalt by a bending beam rheome-
ter (BBR) test and single-edge-notched beam (SENB) test. Sun et al. [25] discovered that
bio-oil could improve the low-temperature properties of asphalt based on the BBR test. He
et al. [26] revealed that bio-oil improved the low-temperature properties of asphalt through
the review of bio-oils, bio-fibers and bio-fillers in the application of improving asphalt
properties. For the asphalt mixture, Zhang et al. [24] incorporated a bio-binder derived
from wood into asphalt and demonstrated that an oil-modified asphalt mixture had a lower
fracture temperature than an ordinary matrix asphalt mixture. Zhang et al. [27] revealed
that bio-oil-modified asphalt could improve the low-temperature cracking resistance of
the mixture. Zhao et al. [28] discovered that Sasobit and waste cooking o0il as warm mix
additives could improve the low-temperature cracking resistance of asphalt mixtures based
on the BBR test.

Moreover, the moisture damage has been a thorny problem limiting the performance
of asphalt pavement over time, and the adhesion of asphalt-aggregate is the key to solving
the moisture damage of pavement. Yadykova and Ilyin [29] investigated the adhesion
and cohesion properties of bio-oil-modified asphalt, and revealed that the 5%-doped bio-
oil improved the adhesion work and adhesion strength of asphalt to the silicate surface.
Luo et al. [30] discovered that bio-oil could improve asphalt adhesion properties at the
micro-level based on molecular dynamics. Shariati et al. [31] investigated the mechanism
of influence of bio-oil on the asphalt-aggregate interface based on an indoor test and
molecular modeling, and the results indicated that bio-oil improved the asphalt-aggregate
adhesion properties and enhanced its sustainability and durability. In addition, most
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modified asphalt is prone to delamination and segregation during storage, which affects
the road performance of asphalt and leads to early damage of asphalt pavement [32,33].
Therefore, it is a premise to ensure that the oil modifier has excellent compatibility with
asphalt to study the adhesion properties of oil-modified asphalt and aggregate and the
low-temperature properties of the oil-modified asphalt mixture. Although many studies
have been carried out on the low-temperature properties of oil-modified asphalt materials,
there have been fewer studies on which oils are suitable for improving asphalt-aggregate
adhesion properties and the road performance of the mixture.

For this reason, the effect of bio-based and petroleum-based oils on asphalt-aggregate
adhesion and the road performance of the asphalt mixture was analyzed. To prevent the
delamination and segregation of oil-modified asphalt during storage, the steady state of
oil-modified asphalt was investigated by a compatibility and storage stability test. Subse-
quently, qualitative and quantitative analyses of oil-modified-asphalt-aggregate adhesion
were carried out by the boiling method and digital image processing technique. Meanwhile,
the effect of different oil components on the asphalt chemical structure was revealed by
Fourier transform infrared spectroscopy (FTIR). Based on that, the effect of oils on the
road performance of the mixture was investigated. This study has significant theoretical
implications for improving the road performance of oil-modified asphalt pavement and
promoting the sustainable green development of asphalt pavement.

2. Materials and Experimental Methods
2.1. Materials

The base asphalt binder selected was the PG 64-22 asphalt commonly used in Wiscon-
sin, USA, abbreviated as Neat in this study. A previous study has shown that increasing
the oil content of the asphalt binder improves the low-temperature cracking resistance of
asphalt [24]. For this purpose, this study selected two bio-based oils and two petroleum-
based oils as oil modifiers from China. Based on previous research [34], the specific oil
sources and compositions are described as follows: Bio-oil is a wood-based oil derived
from forest biomass processing. R-Bio is refined waste cooking oil collected from the food
service industry. Regarding petroleum-based oils, PP is a commercial alkylation oil fraction
obtained from petroleum refining, while R-Pe is refined waste motor oil recovered from
automotive maintenance. It is important to note that both recovered oils (R-Bio and R-Pe)
undergo rigorous refining processes, including sedimentation, filtration, and dehydration,
to ensure the removal of impurities such as solid particles and moisture, thereby guaran-
teeing the stability of the modification. The types and basic properties of oil modifiers are
shown in Table 1. Granite and limestone aggregates were selected to investigate the effect
of oil modifiers on asphalt-aggregate adhesion. The maximum nominal particle size of
both granite and limestone is 19.0 mm.

Table 1. The types and basic properties of oil modifiers.

Basic Properties

Categories Code Viscosity . Density Flash
(cSt,a0°C)  APTCTvity  (;013,15°C)  Point °O)
Bio-based ol Recovered oil R-Bio N/A N/A N/A N/A
10-based 011 Bin-based oil Bio N/A 20 N/A 225
Petroleum- Recovered oil R-Pe 65.3 32.8 N/A N/A
based oil Alkylated oil PP 92.2 15 0.96 215

Note: API gravity refers to the density of petroleum and oil products, a measure developed by the American
Petroleum Institute. The larger the API, the lighter the oil. The smaller the API, the heavier the oil. N/A indicates
not applicable.
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2.2. Sample Preparation
2.2.1. Oil-Modified Asphalt

Different oils have shown different effects on the improvement of the rheological
properties of asphalt [35]. To accurately evaluate the adhesion properties between different
oils and asphalt, the dosage of each oil was determined under the condition of ensuring
that the high-temperature deformation resistance of different oil-modified asphalts was in
approximately the same state. Previous research has demonstrated that the rutting factor
can characterize the high-temperature deformation resistance of oil-modified asphalt [23].
For this reason, the different oil dosages selected in this study enabled the rutting factor of
different oil-modified asphalts to reach 1.0~1.2 kPa at 58 °C. Meanwhile, the dosage of each
oil is limited to no more than 12% (mass ratio) when the oil is used as the modifier [27].
Based on this, a total of eight oil-modified asphalts were prepared in this study according
to the type of oil modifier and aggregate. Their specific compositions are detailed in Table 2.
Different oil-modified asphalts were prepared through the high-speed shear mixer. The
base asphalt binder and different oils were mixed and were sheared at 4500 r-min~! for
30 min under 150 °C. The code of different oil-modified asphalts and aggregates is shown
in Table 2.

Table 2. The code of different oil-modified asphalts and aggregates.

Asphalt Aggregate Code Asphalt Aggregate Code
Base asphalt G Neat Base asphalt L Neat
7% PP oil-modified asphalt GPP 7% PP oil-modified asphalt L PP
6% Bio-oil-modified asphalt Granite G Bio 6% Bio-oil-modified asphalt ~ Limestone L Bio
5% R-Pe oil-modified asphalt G R-Pe 5% R-Pe oil-modified asphalt L R-Pe
5% R-Bio-oil-modified asphalt G R-Bio 5% R-Bio-oil-modified asphalt L R-Bio
2.2.2. Oil-Modified Asphalt Mixtures
According to AASHTO TP4 [36], oil-modified asphalt mixtures were prepared in this
study combined with the gradation in Table 3. The asphalt mixture mixing temperature
is 155 °C and the forming temperature is 145 °C. The porosity of the asphalt mixture is
controlled at 4.0% and the asphalt content is 5.5%. The dosage and type of oil modifiers are
7% PP-3, 6% Bio-1, 5% R-Bio and 5% R-Pe. Limestone is selected for the aggregate.
Table 3. Gradation of asphalt mixture.
Sieve (mm) 25 12.5 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Passing (%) 100.0  99.7 78.9 64.5 41.1 27.4 18.7 12.9 7.8 4.9 3.2

2.3. Experimental Methods
2.3.1. Compatibility Test

The frequency scanning of oil-modified asphalt was carried out using an Anton Paar
Physica MCR301 rheometer (Anton Paar, Graz, Austria) with a frequency of 0.1~100 Hz and
temperature of 4~64 °C (12 °C interval). The Han curve is proposed for the homogeneous
polymer based on the viscoelastic theory of a homogeneous polymer [37]. The Han curve
for a homogeneous polymer has non-temperature dependence, while the Han curve for a
multiphase polymer has temperature dependence. According to previous studies [38,39],
the Han curve is obtained from the logarithmic storage modulus and logarithmic loss
modulus of the frequency scanning test, and its slope is fitted by the data in the low-
frequency region. To ensure the reliability of the test, two parallel tests were conducted on
each sample (with the error between the two results being less than 5%), and the average
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of the two test results was taken. Based on a previous study, the Han curve of compatible
system is characterized by two features, the Han curves at different temperature overlap
and the slope of the Han curve is around 2 [37].

2.3.2. Storage Stability Test

It has been indicated that, compared to the softening point, employing the rutting
factor could also effectively evaluate the storage stability of modified asphalt, thereby better
reflecting the compatibility between the modifier and the base asphalt [40]. Based on the
segregation test method of specification (JTG E20-2011) and the previous literature [40,41],
the storage stability of oil-modified asphalt in this study was evaluated using the test
procedure in Figure 1. For each sample, three parallel tests were conducted, with the
results being the average of the three trials. The error between different parallel test results
was less than 5%. In this case, the dynamic shear rheometer was used to test the rutting
factor of oil-modified asphalt in the top and bottom parts of the aluminum tube at 58 °C.
Subsequently, the difference ratio (R) between the rutting factor of the top and bottom
oil-modified asphalt was calculated according to Equation (1). When the difference ratio
between the rutting factor of the top and bottom oil-modified asphalt is less than 20%, the
oil-modified asphalt shows better storage stability [42].

(G*/5in(8)),0y — (G* /5in(¢))
(G*/sin(9))

bottom (1)

bottom

where R denotes the difference ratio of the rutting factor between the top and bottom
sections of each sample. G*/sindy, represents the rutting factor of the top section of the
sample. G*/5indy,t10n, denotes the rutting factor of the bottom section of the sample.

e
Pouring J} Put in upright
-\ =

Aluminium tube (open at one end) Heating oven
35 mm diameter, 140 mm length 163 °C heating for48 h

Oil modified asphalt
163 °C heating until melting

Top part ’

.............................. at ) > G*/sin(3) of 58°C 5
1 7 U : Take outand cut ]
1 Middle part =] —
! ;e =
™ +/sin(S) of 58 °C - =
G* denotes the complex shear modulus I at )’ Grisin(@) of S8°C ‘

-

Bottom part Refrigerator
‘ Calculation ofstorage stability indexes I -20 °C cooling for4 h

Figure 1. Storage stability test procedure.

2.3.3. Boiling Test

According to the standard boiling test method [43], 1000 g of granite and limestone
aggregates with a particle size of 13.2~19.0 mm were weighed from each of the washed
and dried aggregates, and heated in the oven at 145 °C for 3 h. The aggregates were mixed
using 30 g of asphalt. The aggregates with fully wrapped asphalt were cured in the oven at
145 °C for 2 h. After the cured specimens cooled naturally to ambient temperature, two
parallel samples (each with a mass of about 200 g) were taken from the specimens based
on the quartering method. Subsequently, each sample was heated in the oven at 90 °C
for 1 h. After cooling, they were immersed in slightly boiling water (around 65 °C) for
10 min. Finally, the qualitative evaluation of oil-modified asphalt and aggregate adhesion
was carried out according to the asphalt cohesion and stripping rate criteria specified in
the European Standard EN 12697-11 methodology [44], as shown in Figure 2. The test
equipment for the boiling method and the limestone aggregate before and after the test is
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shown in Figure 3. To ensure the reliability of the tests, parallel trials with an error margin
of less than 5% were conducted for each sample, with results averaged from four parallel
trials. Furthermore, to guarantee the rigorous and reliability of the quantitative evaluation,
this study employed SPSS 29 software to perform a one-way analysis of variance (ANOVA)
to assess the statistical significance of adhesion performance differences among various
oil-modified asphalts.

v PP @I ERCPES

e S
100% 95% 90% 80% 60% 40% 20%
0% 5% 10% 20% 40% 60% 80%

Figure 2. The criteria of asphalt cohesion and stripping rate.

(a) Test equipment

(c) Limestone aggregate after boiling
Figure 3. The boiling test equipment and the limestone aggregate before and after the test.

2.3.4. Digital Image Processing (DIP) Technology Test

When evaluating the asphalt-aggregate adhesion using the boiling method, the asphalt
stripping rate is frequently evaluated by visual observation, and although the method
is simple, it is not only time consuming but also affected by subjective factors as each
aggregate needs to be identified individually [45]. In order to properly evaluate the oil-
modified asphalt and aggregate adhesion from a quantitative perspective, the boiled granite
and limestone aggregates were analyzed using digital image processing technology and
three parallel tests were conducted for each aggregate type. To ensure data accuracy, the
results represent the average of three parallel trials. Meanwhile, the surface color of boiled
granite and limestone aggregates was classified using a nonlinear classification model based
on the support vector machine theory to accurately identify the asphalt wrapped around
the aggregate surface. Furthermore, to accurately obtain the Red, Green, and Blue (RGB)
values of the asphalt-coated and aggregate exposed surface, this study identified the RGB
values of the foreground and background by acquiring a finite number of corresponding
feature points. Subsequently, the image was generalized based on the support vector
machine. The aggregate image before and after image processing is shown in Figure 4.

To avoid scanning errors caused by the stacking of aggregates or large gaps between
aggregates, the boiled aggregates were randomly placed on the scanning platform, as
shown in Figure 4a. In order to improve the accuracy of the post-processing procedure, a
piece of white paper was laid on the top of the aggregates in this study. The calculation
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process of the asphalt stripping rate on the aggregate surface based on digital image
processing technology is shown in Figure 5. In addition, the calculation of the asphalt
stripping rate (SR) is shown in Equation (2).

_100—a—b

SR = — 55— x 100% )

where a refers the percentage of image area occupied by white paper (%). b refers the
percentage of image area occupied by asphalt (%).

Asphalt-

‘White paper .
pap containing

(background)

aggregate

Surface

White paper tep 2 asphalt

(background)

Asphalt-
containing
aggregate

The percentage of The percentage of
image area occupied image area occupied
by white paper, a% by asphalt, b%
I |
4

Calculation of asphalt stripping rate

Figure 5. Calculation process of asphalt stripping rate.

2.3.5. Fourier Transform Infrared Spectroscopy (FTIR) Test

Fourier transform infrared spectroscopy (Nicolet IS5 (Thermo Fisher Scientific, Shang-
hai, China)) is used to obtain the infrared spectra of oil-modified asphalt. The wavenumber
scan range is from 500 to 4000 cm ! with a resolution of 4 cm~! and 32 scans. Each sample
was tested three times in parallel to ensure that the relative standard deviation was within
5% to satisfy the technical requirement of the standard [46]. The results are the average of
the three results. The interpretation of the measurement results adopted a semi-quantitative
infrared analysis [47].

2.3.6. Road Performance Test

This study employed the 60 °C rutting test in accordance with specification [41] to
evaluate the high-temperature deformation resistance of oil-modified asphalt mixtures. To
assess the impact of different oil-modified asphalts on the moisture damage performance of
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mixtures, water damage was also evaluated using the water immersion Marshall test and
freeze—thaw splitting test, both conducted following the specification [41]. According to
the specification [41], for the rutting test, the result for each sample should be the average
of three parallel tests, with the coefficient of variation for the three test results being less
than 20%. According to the specification [41], for the water immersion Marshall test and
freeze—thaw splitting test, three parallel specimens should be prepared for each sample,
and the difference between each result and the average should be less than 1.15 times the
standard deviation.

Furthermore, the thermal stress restrained specimen test (TSRST), as mentioned by
SHREP, is selected to evaluate the low-temperature anti-cracking performance of the asphalt
mixture [48,49]. The TSRST can simulate the actual material properties with the temperature
changes. There are four evaluation indexes of fracture temperature, fracture strength,
transition temperature and the slope of curve, which could be obtained from the TSRST [48].
According to the previous study [24], the fracture temperature was used as the index for
evaluating the low-temperature performance of the oil-modified asphalt mixture. The
TSRST is carried out using the equipment developed by the Harbin Institute of Technology.
This equipment consists of a temperature control cabinet (—60 °C to +20 °C with 0.5 °C
accuracy). The asphalt thermal cracking analyzer (ATCA) was used to conduct the TSRST
on an oil-modified asphalt mixture as shown in Figure 6. The TSRST was done on small
beams of the dimension 220 mm x 35 mm X 35 mm. The environment chamber controlled
the temperature by liquid nitrogen, the initial temperature of the test is 30 °C, and the
cooling rate is 1 °C/min. To ensure the reliability of the results, three parallel tests were
conducted for each sample, with the results being the average of the three tests.

%

a——
;’
Z

54
@@i

—
P

(a) Sample preparation (b) The whole picfure of ATCA

(c) Samplé éft—er test

Figure 6. Asphalt thermal cracking analyzer.

2.4. Summary of Experimental Design

To systematically evaluate the influence of bio-based and petroleum-based oils on
asphalt performance, the experimental program was structured into two primary phases:
binder-level characterization and mixture-level performance verification. The specific test
methods and evaluation indices are summarized in Table 4.
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Table 4. Summary of experimental design and performance evaluation.

Test Subjects Test Methods Test Key Parameters Test Metrics
Frequency of 0.1~100 Hz;
Compeatibility test Temperature of 4~64 °C Han curve

(12 °C interval)
Difference ratio between

O11—mod.1f1ed Storage stability test Rutting factor at 58 °C the rutting factor
asphalt binders
Wavenumber scan range of
Fourier transform infrared 500 to 4000 cm~! with a Functional eroup Indices
spectroscopy (FTIR) test resolution of 4 cm~! and sroup
32 scans
s Aggregates with particle o
. Boiling test cive of 13.2~19.0 mm Stripping index
Adhesion between
. s Red, Green, and Blue
oil-modified asphalt S .
and aggregate Digital image processing (RGB) values of Stripping rate
(DIP) technology test asphalt-coated and
aggregate exposed surface
High-temperature Temperature of 60 °C Dynamic stability

Oil-modified
asphalt mixture

deformation test
Immersion Marshall test 48 h immersion at 60 °C ~ Retained Marshall stability

Freeze-thaw splitting test Freeze-thaw cycles Tensile strength ratio
. o
Thermal stress restrained Initial temperature of 30 °C
. and the cooling rate of Fracture temperature
specimen test o :
1°C/min

3. Results and Discussion

3.1. Compatibility and Storage Stability of Oil-Modified Asphalt
3.1.1. Compatibility

To validate the applicability of the temperature-time equivalence principle and assess
the structural homogeneity of different oil-modified asphalts, the relationship between
the storage modulus and loss modulus was analyzed in a double-logarithmic coordinate
system. According to prior research [38,39], if data points collected at different temperatures
form a continuous and smooth curve, the asphalt is regarded as a rheologically simple
fluid with good compatibility. The Han curves of base asphalt and oil-modified asphalt
at different temperature are shown in Figure 7. From Figure 7, it can be seen that the Han
curves of oil-modified asphalt at different temperatures overlap, which indicates that there
is no temperature dependence in the Han curves of oil-modified asphalt. The slope of the
Han curve for oil-modified asphalt is expressed as the slope of the Han curve at 64 °C.
From Figure 7a, the Han curve slope of base asphalt is 1.3, and this value is smaller than
the theoretical value of the Han curve slope, which is attributed to the dispersion of asphalt
molecules, and the asphalt could only be approximately regarded as a homogeneous
polymer [37]. The Han curve slopes of different oil-modified asphalts are very similar to
that of base asphalt, which indicates that different oils did not alter the phase structure of
asphalt, and the steady state of different oil-modified asphalts is comparable to that of base
asphalt. Therefore, oil-modified asphalt has better compatibility under the temperature
and frequency ranges tested.
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Figure 7. Han curve of neat asphalt and oil-modified asphalt.

3.1.2. Storage Stability

The 58 °C rutting factors of the top and bottom oil-modified asphalts of different
aluminum tube specimens are shown in Figure 8. Notably, the R value denotes the ratio
characterizing the difference in rutting factors between the top and bottom sections of the
sample, calculated by Equation (1). From Figure 8, the difference ratio between the top
and bottom rutting factors of each oil-modified asphalt aluminum tube specimen is less
than 5%, which indicates that each oil-modified asphalt prepared in this study has good
storage stability.
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Figure 8. The storage stability test results of oil-modified asphalt.
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3.2. Adhesion Between Oil-Modified Asphalt and Aggregate
3.2.1. Boiling Method

According to the asphalt stripping rate criterion in Figure 2, the frequency of granite
and limestone aggregates under different stripping rates is calculated, with the results
shown in Figure 9. From Figure 9, it is clear that the observed frequency of granite and
limestone aggregates with the increase in the asphalt stripping rate is greater in the middle
and less at the two sides. The peak frequency of granite aggregate occurs at around
30%—-60% of asphalt stripping while limestone aggregate occurs at around 10%-30% of
asphalt stripping, which indicates that the oil-modified asphalt shows better adhesion
with the limestone aggregate compared to granite aggregate. There are differences in the
adhesion degree of the same oil-modified asphalt to granite and limestone aggregates. It is
observed from Figure 9a that the granite aggregate occurs with a frequency of 0 when the
asphalt stripping rate is less than 10%, which indicates that all oil-modified asphalts show
stripping on the granite aggregate surface. From Figure 9b, there are still some limestone
aggregates with the surface completely wrapped by oil-modified asphalt after boiling. In
addition, it is also seen from Figure 9a that Bio-oil causes the occurrence frequency of the
granite aggregate to move towards a smaller asphalt stripping rate compared to other
oils, which indicates that Bio-oil significantly improves the adhesion between the base
asphalt and granite aggregate, which in turn improves its resistance to moisture damage.
From Figure 9D, the effect of different oils on the adhesion between the base asphalt and
limestone aggregate is more or less the same.

60 — G Neat 60 —— L Neat
—GPP 3 ——LPP
9 50 - G Bio Q 50 | L Bio
S B S B LR-Pe
5’ 40 3; 40 L L R-Bio
£30 [ 230 f /\
= = r /
S RN AN
£ EoL >/
10 10 - 24 k
S e T T T S o0, v
0 20 40 60 80 100 0 20 40 60 80 100
Stripping rate (%) Stripping rate (%)
(a) Granite (b) Limestone

Figure 9. The sample distribution curve under different stripping rates.

To further reveal the effect of different oils on the adhesion between the base asphalt
and aggregate, a weighted mean of the frequency of aggregate occurrence under different
stripping rates was adopted to reflect the asphalt stripping degree, and the weighted mean
was defined as the stripping index (SI). The larger the stripping index, the poorer the
resistance of asphalt to stripping. The stripping index is calculated in Equation (3).

_ LNiM;
Y M;

where N; is the frequency value of occurrence of aggregates at the M; stripping rate.
Figure 10 shows the stripping index of different oil-modified asphalts with aggregates.
From Figure 10, the stripping index of limestone aggregate with base asphalt and oil-
modified asphalt is less compared to the granite aggregate, which indicates that different
oil-modified asphalts have better adhesion with the limestone aggregate. For the granite
aggregate, the ordering of the stripping index of different oil-modified asphalts satisfies the
following: Neat > 7% PP > 5% R-Pe > 6% Bio > 5% R-Bio. It is observed that the stripping
indexes of oil-modified asphalt are smaller than that of base asphalt, which shows that the

SI x 100% 3)
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different oils improve the adhesion between the base asphalt and granite aggregate. For the
limestone aggregate, the ordering of the stripping index of different oil-modified asphalts
satisfies the following: 7% PP > 5% R-Pe > 5% R-Bio > 6% Bio > Neat. From the ordering, it
is clear that the stripping indexes of oil-modified asphalt are larger than that of the base
asphalt, which indicates that different oils degraded the adhesion between the base asphalt
and limestone aggregate. This phenomenon indicates that the effect of different oils on
the adhesion between the base asphalt and aggregate is closely related to the aggregate
lithology. In addition, it is an interesting observation from the ordering that both the Bio
and R-Bio oils promote the adhesion of base bitumen to granite and limestone aggregates
compared to other oils.

60

Granite
I = Limestone

A W
oS O

- N
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Stripping index (%)
=
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Figure 10. Summary of asphalt stripping index.

To statistically validate the aforementioned observations, a one-way analysis of vari-
ance was further conducted in this study, with the results presented in Table 5. For both
granite and limestone aggregates, the p-values were less than 0.05, indicating significant
differences in adhesion performance between different asphalt types for the same aggregate.
Consequently, the adhesion between oil-modified asphalt and aggregates is closely related
to both the type of oil modifiers and the lithology of the aggregates.

Table 5. ANOVA results for stripping index.

Aggregate Source Sum of Squares df Mean Square F-Value p-Value
Between Groups 1856.32 4 464.08 427.64 <0.05
Granite Within Groups 16.28 15 1.085
Total 1872.60 19
Between Groups 448.77 4 112.191 563.22 <0.05
Limestone Within Groups 2.99 15 0.199
Total 451.75 19 464.08

In order to reveal the sensitivity of stripping resistance of different oil-modified
asphalts with the change in aggregate lithology, the stripping index change rate of different
asphalts was calculated in this study according to Equation (4), and the result is shown
in Figure 11.

Slg —SIp,

L

ASI = x 100% (4)

where S1; is the stripping index between asphalt and the granite aggregate. SIj, is the
stripping index between asphalt and the limestone aggregate.
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Figure 11. Effect of lithology on asphalt stripping resistance.

From Figure 11, it can be observed that base asphalt has the largest change rate in
stripping index of 217%, which indicates that the stripping resistance of base asphalt is
the most sensitive to the change in aggregate lithology. Compared with the base asphalt,
the different oils could reduce the sensitivity of the base asphalt stripping resistance to
aggregate lithology. Among them, R-Bio-oil-modified asphalt shows the smallest change
in the stripping index of 18%, which indicates that R-Bio-oil significantly improves the
sensitivity of stripping resistance of asphalt to aggregate lithology.

3.2.2. Digital Image Processing Technology

Figure 12 illustrates the asphalt stripping index (SI) obtained by the boiling method
and the asphalt stripping rate (SR) obtained by digital image processing technology. From
Figure 12, the asphalt stripping rate (SR) is less than the asphalt stripping index (SI) when
different oil-modified asphalts interacted with granite and limestone aggregates. The
reasons for the difference between the asphalt stripping rate (SR) and asphalt stripping
index (SI) can be summarized in two aspects. On the one hand, the asphalt stripping index
(SI) obtained based on the boiling method is greatly interfered by human subjective factors.
On the other hand, when evaluating asphalt-aggregate adhesion based on digital image
processing technology, there are some errors in image scanning and handling, but the errors
are traceable and controllable.

- Boiling method Boiling method
- Image method < Image method =
& X
== z P
T £ £
== o of
= == B=| o=
o E = = £
- = == 5
== 7 )
—— = = == -
f— —
T T T T T T T T T T
Neat PP Bio R-Pe R-Bio Neat PP Bio R-Pe R-Bio
(a) Granite (b) Limestone

Figure 12. Comparation between boiling method and image method results.

To further reveal the correlation between the boiling method and digital image pro-
cessing technology, the correlation between the asphalt stripping index (SI) and asphalt
stripping rate (SR) was analyzed and the result is shown in Figure 13. From Figure 13, there
is a great linear correlation between the asphalt stripping index (SI) and asphalt stripping
rate (SR) with a correlation coefficient of 0.97, which indicates that there is consistency in
evaluating oil-modified-asphalt-aggregate adhesion with the boiling method and digital
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image processing technology. Crucially, DIP technology visually characterizes fracture
properties at the mesoscopic level, in contrast to subjective visual assessments. By identify-
ing specific pixel regions of the exposed aggregate (adhesion failure) and residual asphalt
coating (cohesion retention), it provides a quantitative morphology of interfacial fracture.
Therefore, considering the efficiency, accuracy and objectivity of the evaluation method,
this study recommends the use of digital image processing technology to evaluate the
adhesion between asphalt and aggregate.

40

ST (%)
[\o]
W
—

lOl.i.l.l.l.l.l.l

15 20 25 30 35 40 45 50
SR (%)

Figure 13. Correlation between asphalt stripping index (SI) and asphalt stripping ratio (SR).

3.3. Chemical Structure of Oil-Modified Asphalt

The chemical structure of different oils and modified asphalts is shown in Figure 14.
The spectrum presented is the average of three replicate scans. Taking the example of
Figure 14a, 7% PP denotes oil-modified asphalt containing 7% PP oil, and PP denotes the
oil type. From Figure 14, the spectra of PP and R-Pe oils and their modified asphalt are
similar to that of base asphalt, and there are not new wave peaks in the spectra of PP- and
R-Pe-oil-modified asphalt compared to base asphalt, which indicates that PP and R-Pe oils
do not cause the base asphalt to produce new functional groups. However, the spectra of
Bio- and R-Bio-oil-modified asphalt differs significantly from that of base asphalt and shows
new wave peaks compared to the base asphalt. Specifically, the Bio and R-Bio oils caused
the base asphalt to produce significant new peaks at 3000 cm ! (aromatic) and 1700 cm ™!
(carbonyl). Meanwhile, the location of new wave peaks coincides with the location of wave
peaks in the spectra of Bio and R-Bio oils, which indicates that the new wave peaks in the
Bio- and R-Bio-oil-modified asphalts are generated due to the introduction of oil. Moreover,
it is mentioned in Section 3.2 that the Bio and R-Bio oils promote the adhesion between
the base asphalt and aggregate compared to other oils. Therefore, this study deduces
that the contribution of Bio- and R-Bio-oils to base asphalt-aggregate adhesion may be
related to the new functional groups that Bio and R-Bio oils cause to be produced in base
asphalt. This is consistent with the previous literature, which revealed that an increase
in the content of carbonyl functional groups contributes to the enhancement of asphalt-
aggregate adhesion [50]. From the microscopic perspective, these newly formed chemical
bonds fundamentally alter the fracture behavior at the interface. The enhanced chemical
interactions resist the complete separation of the binder from the aggregate surface, thereby
mitigating adhesive failure.

To quantitatively validate the modification effect, the functional group index was
calculated by reference to prior research [51], with the results presented in Figure 15. The
indexes of PP- and R-Pe-oil-modified asphalts were at the same level as the base asphalt.
This indicated that no significant new functional groups were generated in the petroleum-
based asphalt. In contrast, the carbonyl indexes of Bio- and R-Bio-oil-modified asphalts
showed a marked increase compared to the base asphalt. Furthermore, an aromatic index
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was observed in the bio-based asphalt. These results confirmed that bio-oils effectively
introduced abundant polar carbonyl and aromatic functional groups into the asphalt.
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Figure 14. FTIR test results of oils and oil-modified asphalt.
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Figure 15. Quantitative functional group indexes of different asphalt binders.

3.4. Road Performance of Asphalt Mixtures

Figure 16 presents the road performance of different oil-modified asphalt mixtures.
From Figure 16a, the matrix asphalt mixture exhibited optimal high-temperature rutting
resistance. The incorporation of oil-modified asphalt reduced the dynamic stability of
asphalt mixtures. However, it is worth noting that the dynamic stability essentially reflects
the ability of the material to resist compressive and shear deformation. It should be clarified
that the high-temperature rutting resistance of different oil-modified asphalt mixtures still
met the specification requirements [41], indicating sufficient compressive bearing capacity
remains at elevated temperatures. From Figure 16b,c, the moisture resistance of oil-modified
asphalt mixtures was generally lower than that of matrix asphalt mixtures. Regarding
compressive behavior, the Marshall stability (MS) value serves as the direct indicator of
compressive strength. Although the incorporation of bio-oil resulted in slight reductions
in stability values due to decreased viscosity, the mixtures retained sufficient compressive
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strength to support traffic loads. However, bio-based-oil-modified asphalt demonstrated
superior resistance to water damage compared to petroleum-based asphalt. This was
attributed to the presence of active functional groups such as carbonyl groups in the bio-oil,
which enhanced the adhesion between the asphalt and aggregates. Consequently, this
partially compensated for the loss of adhesion caused by oil dilution. From Figure 16d,
the fracture temperature of different oil-modified-asphalt mixtures is lower than that of
the base asphalt mixture. The TSRST simulates the accumulation of thermal stress until
the material exceeds its tensile limit and undergoes macroscopic fracture. Consequently, a
lower fracture temperature directly correlates with superior fracture resistance. The results
indicate that varying oil contents can enhance the low-temperature crack resistance of the
base asphalt mixture. Among them, 5% R-Bio-oil improves the low-temperature cracking
resistance of the base asphalt mixture most significantly. This phenomenon also indirectly
verifies the accuracy of Section 3.2 in that Bio-oil could significantly improve the adhesion
between the base asphalt and aggregate, which in turn improves the low-temperature
cracking resistance of the asphalt mixture.
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Figure 16. Road performance of oil-modified asphalt mixture.

4. Conclusions and Recommendations

This study reveals the effect of bio-based and petroleum-based oils on base asphalt—
aggregate adhesion properties and the road performance of mixtures. Several major
findings are summarized as follows:

(1) The bio-based and petroleum-based oils show excellent compatibility and storage
stability with base asphalt based on the Han curve and storage stability test. The limestone is
more adherent to the base asphalt and oil-modified asphalt compared to granite. Compared
to base asphalt, oil-modified asphalt adheres more strongly to granite, but its adherence to
limestone deteriorates. Oil reduces the sensitivity of the base asphalt stripping resistance to
aggregate lithology. There is consistency in the evaluation of oil-modified asphalt-aggregate
adhesion using the boiling method and digital image processing technology.
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(2) It is found that the contribution of Bio-oil to the asphalt adhesion property orig-
inates from the production of aromatic and carbonyl functional groups in base asphalt
by Bio-oil, based on FTIR. Different oils could improve the low-temperature cracking
resistance of the base asphalt mixture, where Bio-o0il has the most obvious effect on the
improvement of low-temperature cracking resistance.

(3) This study primarily focused on specific oil types and laboratory-scale adhesion
assessments. Although the adhesion mechanism has been elucidated through FTIR and DIP
analysis, the lack of direct microscopic observation of the fracture interface remains a limita-
tion. Future research should broaden the diversity of oil modifiers and aggregate lithology
to validate the generalization of the findings. Specifically, micro-imaging techniques should
be employed to visualize the microstructure of fracture interfaces, providing direct physical
evidence for the transition from adhesive failure to cohesive failure. Additionally, the
oil-modified-asphalt-mixture test road needs to be paved to verify the improved properties
of oil-modified asphalt material through actual road performance.
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