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Xinjiang’s representative asphalt binders, such as Karamay and Tahe asphalt,
lack sufficient research on warm-mix additive modification effects. Given their
unique microstructure and molecular composition differences, comprehensive
investigations are essential for a nuanced understanding of these binders.
This study added Sasobit and Evotherm warm mix additives to Karamay 90#
asphalt and Tahe 90# asphalt, respectively. The evaluation of diverse warm
mix additives’ impact on diverse asphalt binders involved viscosity, softening
point, penetration tests, Fourier transform infrared (FTIR) and analysis of saturate,
aromatic, resin, and asphaltene (SARA) fractions. Additionally, molecular models
of asphalt were constructed using Materials Studio software, based on the SARA
test data. Molecular models of Sasobit and Evotherm were also developed,
representing organic wax and a cationic quaternary ammonium surfactant,
respectively. Conductingmolecular dynamics simulations of warmmix additives
and two asphalt molecules yielded valuable insights into solubility parameters
and the radial distribution function (RDF). This approach enabled a thorough
and comparative exploration of the modification mechanisms employed by
various warm mix additives on different asphalt types at a molecular scale. The
results indicate that, Evotherm excelled in enhancing high-temperature asphalt
performance, while Sasobit surpassed it in low-temperature. The viscosity
reduction by Sasobit proved more effective for K90, while for T90 asphalt,
the trend was reversed with Evotherm exhibiting superior performance. The
solubility parameter in MD simulations consistently correlates with asphalt
viscosity results. Sasobit showed enhanced compatibility with K90 asphalt, while
T90 asphalt demonstrated greater suitability for modification with Evotherm.

KEYWORDS

warmmix asphalt, Xinjiang asphalt binders, FTIR, SARA, Molecular dynamics simulation

1 Introduction

Positioned in China’s northwest, Xinjiang plays a pivotal role in connecting China and
Central Asia through the “Belt andRoad” initiative (Transport, E. D. O. C. J. O. H. A., 2020).
Its robust transportation sector amplifies infrastructure needs in the carbon-neutral era
(Chen et al., 2023a; Cheng et al., 2023). Low-carbon technologies were actively pursued by
industries for a green transformation, while strategies for low-carbon and decarbonization
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TABLE 1 Technical indicators of the base asphalt binder.

Indicator Unit K90 Test data T90 Test data Technical requirements

Penetration (25°C,5°s,100 g) 0.1 mm 96.9 92.2 80–100

Penetration indexPI — −0.3692 0.5079 −1.5–1.0

Softening point (TR&B) °C 53.6 67.5 ≥45

Ductility (10°C) cm 123.1 >150 ≥20

Ductility (15°C) cm 131.7 >150 ≥100

Density (g/cm3) 0.981 1.024 Measurement records

After TFOT (5 h,163°C)

Mass loss % −0.181 −0.359 ±0.8

Residual penetration ratio % 57.0 64.3 ≥57

Residual Ductility (10°C) cm 27.5 >150 ≥8

Residual Ductility (15°C) cm 65.9 >150 ≥20

FIGURE 1
Asphalt warm mix additives.

are explored by the road building sector (Zhang L. et al.,
2023; Chen et al., 2023b). Among these approaches, warm-mix
asphalt (WMA) emerges as a potent method for reducing energy
consumption (Rubio et al., 2012). In contrast to traditional hot-
mix asphalt, WMA involved lower temperatures in mixing,
paving, and compaction. This conserves fuel and reduces
emissions of harmful gases and smoke (Kim et al., 2011).
Furthermore, the occurrence of severe thermal aging in asphalt
binders during the construction process was mitigated (Banerjee
et al., 2012).

Xinjiang, endowed with abundant oil and gas resources, features
Karamay asphalt (KLMY) and Tahe asphalt (TH) as its most
representative petroleum products. KLMY known for its high
production and convenient transportation, has been extensively
utilized in road construction throughout Xinjiang (Wang et al.,
2022). The chemical composition of KLMY notably differed
from the commonly used road petroleum asphalt in China,

exhibiting characteristics such as minimal wax content, elevated
resins content, and extremely low asphaltene content (Gao et al.,
2022). Consequently, exceptional performance was exhibited in
low temperatures, resistance to aging, and fatigue. Nevertheless,
KLMY’s unique composition, notably its limited compatibility with
commonly employed modifiers, especially high-molecular-weight
polymer modifiers, presents challenges in preparing modified
asphalt (Yu et al., 2018; Yu et al., 2019). In contrast, TH another
petroleum asphalt variety produced in Xinjiang, diverged from
KLMY. With a significantly higher asphaltene content than
commonly used road petroleum asphalt, TH excels in high-
temperature performance but exhibited poorer low-temperature
ductility, coupled with a relatively lower price (Ning et al., 2015). In
practical engineering in Xinjiang, there was widespread reliance on
asphalt from other provinces or imports for modification, hindering
cost control and large-scale application. Consequently, a focus has
been placed by researchers on investigating the mechanistic aspects
of modifying Xinjiang asphalt to develop WMA tailored to the
region (Jiang et al., 2021).

To address the challenge of inadequate stability between WMA
and asphalt binders, the focus has been primarily placed on
the structural mechanisms of asphalt, modification processes,
and comprehensive performance evaluation by researchers (Oyan,
2022). In this pursuit, three main groups are identified for
categorizing WMA additives: organic additives, foaming processes
and additives, and chemical additives. Another approach involves
the combination of two or more of the aforementioned methods
to reduce binder viscosity (Jiang et al., 2021). In a study conducted
by Sengoz et al., the physical and rheological properties of asphalt
were examined with the inclusion of natural or synthetic zeolites.
The study revealed that the asphalt stiffness and temperature
susceptibility demonstrated an increase after the introduction
of zeolite. However, as a hydrophilic inorganic material, zeolite
demonstrated poor compatibility with asphalt, resulting in its
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TABLE 2 Basic information and preparation process of WMA.

WMA additive Content (% by weight) Preparation process Karamay asphalt ID Tahe asphalt ID

Sasobit 1%, 2%, 3%, 4%, and 5% Sheared for 20 min (160°C, 3000 rpm) KS1, KS2, KS3, KS4, KS5 TS1, TS2, TS3, TS4, TS5

Evotherm 0.2%,0.4%, 0.6%, 0.8%, and 1% Sheared for 10 min (160°C, 600 rpm) KE0.2, KE0.4, KE0.6,KE0.8,KE1 TE0.2, TE0.4, TE0.6, TE0.8, TE1

FIGURE 2
Corbett separation scheme.

poor dispersion in asphalt (Sengoz et al., 2013; Topal et al., 2014).
Hossain et al. evaluated the effects of the addition of high quantities
of paraffinic waxes to a base asphalt through rheological criteria.
The shear viscosity and dynamic mechanical spectra indicate
that wax perturbs the overall colloidal equilibrium of the base
asphalt, thereby generating highly structured asphaltic materials
(Hossain et al., 2013). Yu et al. modified crumb-rubber-modified
asphalt with the addition of Sasobit and Evotherm, and the
two products exhibited different responses in different content
and situations. It was difficult to determine which product is
better or what is the optimum content. Instead, the choice of
the product and content highly depended on the environment,
particularly the temperature, in which they were intended to be used
(Yu et al., 2013).

Overall, the main reason for the poor stability in warm-mixed
modified asphalt lay in the inadequate dispersion of the modifier
in the asphalt and the unsuitability of the chosen modifier for
the specific asphalt and engineering requirements. Despite scholars
having extensively investigated the compatibility and stability of
warm-mixedmodified asphalt fromprocess parameters to additives,
research on the distinctive high-gel asphalt (Karamay asphalt) and
high-asphaltene asphalt (Tahe asphalt) remained relatively limited.

Therefore, this study focused on two typical types of asphalt
in Xinjiang, namely KLMY and TH. Two warm mix agents,
Sasobit and Evotherm, were selected for investigation. The analysis
involved examining the interactions between these agents and
asphalt binders. The primary emphasis was on investigating the

TABLE 3 The wavenumber of each functional groups (Wen, 2010).

Functional group Area of peak between
(cm-1)

Asymmetrical stretching -CH2- 2936–2916

Symmetrical stretching of -CH2- 2863–2843

C=C stretch in aromatics 1642–1547

C-H asymmetric deform in CH2 or
CH3

1490–1430

C-H symmetric deform in CH3 1385–1365

= C-H bending vibration of
benzene ring

900-800,830-800

C-H stretching in CH2 or CH3 764–650

impact of varying application quantities on the fundamental
properties of asphalt. Molecular dynamics (MD) simulation
techniques were employed to analyze the viscosity reduction
mechanisms of different warm mix agents in diverse asphalt
compositions. This research aimed to offer crucial insights into
the technology of WMA and base asphalt binder modification
in Xinjiang.
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FIGURE 3
Asphalt molecules consist of these four components: (A) asphaltene, (B) resin, (C) saturates and (D) aromatics.

FIGURE 4
Molecular models of WMA additives: (A) Sasobit molecule and (B) Evotherm molecule.

2 Materials and methodology

2.1 Raw materials

2.1.1 Base asphalt
The base asphalt used in the research were KLMY90# asphalt

(K90) and TH90# asphalt (T90), both produced by Sinopec
Group. The basic properties of base asphalt were summarized
in Table 1.

2.1.2 Warm-mix additives
In this study, two typicalWMA additives, namely the wax-based

WMA additive Sasobit and the surfactantWMA additive Evotherm,
were employed. The visual representations of these additives can
be observed in Figure 1. Sasobit, sourced from Sasol Chemicals
in Nanjing, Jiangsu Province, China, exhibits a melting point of

approximately 100°C and effectively liquefies in asphalt above this
temperature. Evotherm, a patented product of MeadWestvaco in
Shanghai, China, was employed in the form of Evotherm M1 in
this study.

2.1.3 Warm mix asphalt binders
Considering the disparities in physical state (solid versus liquid)

andmechanisms for viscosity reduction, Sasobit and Evothermwere
incorporated into the asphalt using distinct mixing procedures. In
the preparation of the WMA containing Sasobit, the base asphalt
was heated to 160°C in an oil bath. Once the target temperature
was reached, Sasobit pellets (1%, 2%, 3%, 4%, and 5% by mass of
asphalt binder) were gradually added while the binder was stirred
at a relatively low speed. Subsequently, stirring was continued for an
additional 20 min at a speed of 3000 rpm to ensure the formation of
a homogeneous binder.
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FIGURE 5
K90 asphalt molecular model.

In the formulation of the base asphalt containing Evotherm,
the authors expressed concern that prolonged stirring (20 min) at
160°C could potentially compromise its functionality. Therefore,
the blending time was restricted to 10 min. Table 2 outlines the
key characteristics of the WMA additives and delineates the steps
involved in preparing the WMA binders.

2.2 Test procedures

2.2.1 Physical indexes test
Asphalt property tests were performed on the asphalt samples,

focusing primarily on penetration (at 15°C, 20°C, and 25°C),
Brookfield rotational viscosity (at 90°C, 105°C, 120°C, 135°C, 150°C,
and 165°C), ductility (at 10°C) and softening point assessments.The
test procedures adhered to the guidelines outlined in the ASTM
D5-06e1, ASTM D113-17, ASTM D4402-15, and ASTM D3461-18
standards, ensuring standardized and accurate measurements.

2.2.2 Corbett separation and colloidal index
The Corbett method has been widely employed in the

fractionation of asphalt binder into saturates, aromatics, resin,
and asphaltene (SARA) components (Xu et al., 2018b). This
method utilizes solubility procedures and column chromatographic
techniques to achieve the separation. A schematic representation of
the Corbett separation process is illustrated in Figure 2.

The colloidal instability index (CII) serves as a metric to depict
the intricate internal microstructure of binders (Masoumeh et al.,
2016; Eltwati et al., 2022). According to the Gaestel theory, the
presence of ample quantities of resins and aromatics can lead to the
full peptization of asphaltenes, resulting in an effective mobility of
micelles within asphalt (Siddiqui and Ali, 1999). CII is defined as the
ratio of diffused components (aromatics and resins) to non-diffused
compounds (saturates and asphaltenes). The following formula,
Eq. 1, determines this parameter, proving to be highly useful for
comparing different types of asphalt binders (Salehfard et al., 2021).

CII =
(Asphaltenes in wt%)+ (Saturates in wt%)
(Resins in wt%)+ (Aromatics in wt%)

(1)

2.2.3 Fourier transform infrared (FTIR) test
The infrared spectrometer (IR), utilizing the selective absorption

characteristics of the tested material for infrared radiation at
different wavelengths, is an instrument employed for the analysis
of molecular structures and chemical compositions. The FTIR has
been recognized as a powerful tool for analyzing asphalt binders to
determine functional groups, including carbonyl, hydroxyl, amine,
amide, nitrile, ester, carboxylic, and aromatic groups (Brako and
Wexler, 1963). The FTIR principle relies on the distinct vibration
and rotation modes exhibited by various molecular bonds, which
are identifiable through characteristic bands in the absorption
spectrum of transmitted infrared radiation (Cheng et al., 2020).
In this study, ATR-FTIR (Bruker VERTEX70) was utilized to
identify the chemical functional groups of asphalt binders and
their fractions. The scan ranged from 4,000 cm−1–600 cm−1 with a
4 cm−1 resolution. To minimize experimental error, three replicates
were tested for each specimen. Table 3 summarizes the typical peak
positions of chemical functional groups.

2.3 Simulation models and methods

2.3.1 Construction of molecular model
(1) Asphalt Components

A molecular model of asphalt was constructed, providing input
for Molecular Dynamic simulation. Two construction approaches
were found in the literature: one involved an averagemodel structure
for the entire asphalt, and the other comprised a composition
model consisting of several asphalt fractions (Chen et al., 2018).
With advancements in experimental precision and an enhanced
understanding of asphalt, researchers introduced asphalt models
that exhibited higher levels of accuracy. In 2007, Zhang and
Greenfield introduced a three-component model, utilizing two
molecules to represent asphaltene, and one molecule each for resin
and saturates (Zhang and Greenfield, 2007). Later, they put forth
a four-component model (Zhang and Greenfield, 2008). In 2014,
The 12 molecular models of SARA components proposed by Li
and Greenfield, including SHRP AAA-1, AAK-1, and AAM-1,
have been confirmed to be highly consistent with the real asphalt
system (Li andGreenfield, 2014). In subsequent research, scholars in
asphalt molecular modeling commonly adopted a twelve-molecule
model (Li et al., 2022; Lu et al., 2022; Zhang J. et al., 2023). However,
achieving consistency with experimental results became challenging
when applying the 12 molecular models to allocate SARA, given
the unique composition of Xinjiang asphalt. Hence, this paper
adopted the four-molecule model proposed by Hansen in 2013
(Figures 3A–D) (Hansen et al., 2013).This relatively straightforward
model has been demonstrated to predict the physical and rheological
properties of asphalt binders in a general sense (Xu andWang, 2016).

(2) Warm-Mix Additives

Sasobit® Sasol wax is a synthetic hydrocarbon hard wax
obtained as by-product of the Fischer-Tropsch (FT) process, where
hydrocarbons are synthesized fromhydrogen and carbonmonoxide.
Sasobit has the molecular formula CnHn+2, and its long chain
generally consists of 40–115 carbon atoms. Forty carbon atoms were
selected to construct the Sasobit model (Figure 4A).
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FIGURE 6
Density and energy curves of NPT equilibration process.

TABLE 4 Penetration correlation calculation table (Karamay asphalt).

ID Penetration/0.1 mm R2 PI T800/°C T1.2/°C

15°C 20°C 25°C

K90 33.6 96.9 141.6 0.997 −0.369 47.32 −19.44

KS1 29.0 79.9 135.3 0.999 −0.699 47.38 −16.07

KS2 26.9 77.9 128.2 0.999 −0.811 47.49 −14.84

KK3 25.9 75.9 124.6 0.999 −0.867 47.53 −14.26

KS4 22.1 67.9 114.0 0.999 −1.137 47.61 −11.32

KS5 20.2 65.6 110.0 0.997 −0.345 49.27 −7.89

KE0.2 30.1 79.5 122.0 0.999 −0.131 49.81 −19.40

KE0.4 28.2 75.6 110.0 0.997 −0.016 51.13 −19.29

KE0.6 27.0 71.6 105.8 0.999 0.016 51.75 −19.02

KE0.8 26.1 69.5 101.0 0.998 0.050 52.24 −18.88

KE1 25.1 64.4 96.0 0.999 0.152 53.35 −18.87

Evotherm is a surfactant manufactured by MeadWestvaco
(United States), and the surfactant is a patented product with
an unknown molecular structure. However, Zhao pointed
out that MeadWestvaco Company’s third-generation product,
Evotherm® M1, is a cationic quaternary ammonium surfactant
(Zhao, 2012). Hence, in this paper, referencing literature
(Wu et al., 2022), Cetyltrimethylammonium Chloride (CTAC),
a cationic surfactant with the molecular formula C19H42ClN,
was chosen to construct the Evotherm model, as shown
in Figure 4B.

(3) Asphalt Molecular Model

The molecular model of the base asphalt was constructed
according to the ratio the SARA fractions of asphalt using the

Amorphous cell module in the Materials Studio; Taking the K90 as
an example, as shown in the Figure 5.

2.3.2 Molecular dynamics simulation process
The Compass II force field in Materials Studio 2019 was

employed in this paper. Prior to constructing the asphalt model,
the component models and additive models were subjected to
the Compass II force field and charges, and then underwent
geometry optimization. The asphalt bulk model was created
using the amorphous cell module, following 20,000 iterations of
geometry optimization. A temperature range of 26.85°C–1526.85°C
was established. Following geometry optimization and energy
optimization, a subsequent annealing process was undertaken to
refine the model, bringing it into closer approximation to the
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FIGURE 7
Softening point and ductility of WMA: (A) Softening point and (B) Ductility.

authentic molecular state (Yusuff et al., 2021). A 500ps dynamic
equilibration simulation was conducted with the NVT ensemble
(N = constant number of atoms, V = constant volume, and
T = constant temperature) to transition the asphalt model from
its initial state to an equilibrium state at normal temperature.
Subsequently, a 500ps dynamic equilibration simulation was
performed with the NPT ensemble (N = constant number of
atoms, P = constant pressure, and T = constant temperature)
at 1 atm to ensure that the system density matched real asphalt
at 25°C. A final 500ps dynamic data collection simulation was
executed to gather the required data. A Nose thermostat was
employed during the dynamic equilibration process, and an
Andersen thermostat was utilized in the dynamic data collection
process. After the dynamic equilibration process and dynamic data
collection process, all the models exhibited equilibrium density
and equilibrium energy (Figure 6). To avoid data duplication, only
the equilibrium curves after the NPT equilibration process of the
K90 model was shown.

2.3.3 Quantitative analysis indicators
(1) Solubility Parameter

According to the derivation of Hildebrand et al.(Hildebrand and
Scott, 1951), the solubility parameter enthalpy of mixing (∆Hm)
measures the compatibility of the materials and was calculated
as Eqs 2–5.

ΔHm = [
NjVj ·NkVk

NjVj +NkVk
][δj − δk] (2)

δj = √
ΔEj
Vj

(3)

δk = √
ΔEk
Vk

(4)

Δδ = |δj − δk| (5)

The polymers j and k have relative molecular masses of
Nj, Nk, their molar volumes are Vj and Vk, and their cohesive
energy densities (CED) are

∆Ej
Vkj

and ∆Ek
Vk

,respectively. The solubility
parameters of the polymers are δj and δk, and the absolute values of
the differences in solubility parameters is ∆δ.

Upon completing the processing of the Cohesive Energy
Density task, the solubility parameters were obtained. A
reduced difference between the solubility parameters for each
molecular model indicate a higher compatibility between the
two polymers.

(2) Radial distribution function

Radial distribution function (RDF) was used to quantify the
cohesion between asphalt molecules in the MD. The molecular
effects of warm-mix additives on cohesion can be further
investigated using RDF.

The functional connection between the density and the distance
from a reference point is described by the RDF, a statistical
mechanics technique. The parameter g(r) Eq. 6 represents the
probability of selected molecules in an asphalt molecule being
at a distance from selected reference molecules and was used to
define the aggregation behavior of asphalt molecules. The center
of mass of the asphaltene was used as the reference point in
this investigation.

g(r) = 1
4ρπr2ξr

∑T
t=1
∑N

j=1
ΔN(r→ r+ ξr)

N×T
(6)

where N = total number of molecules; T = total time of calculation
(ps); r = distance from given reference point; ∆N = number of
molecules within system interval; and ρ = system density.
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FIGURE 8
Variation curve of viscosity of base asphalt and WMA: (A) K-SW, (B) K-EW, (C) T-SW and (D) T-EW.

3 Results and discussion

3.1 Physical indexes analysis

3.1.1 Penetration analysis
According to the specifications outlined in JTG E20-

2011(T0604-2011), logarithmic regression of penetration depth
with temperature should be conducted as per Eq. 7. Subsequently,
the penetration index (PI) was calculated using Eq. 8, the equivalent
softening point (T800) was determined via Eq. 9, the equivalent
brittle point (T1.2) was computed using Eq. 10, and the plastic
temperature range (△T) was evaluated following Eq. 11. Detailed
results were presented in Table 4 and Table 5.

lg P = K+Alg Pen ×T (7)

PI =
20− 500Alg Pen

1+ 50Alg Pen
(8)

T800 =
lg 800−K
Alg Pen

= 2.9031−K
Alg Pen

(9)

T1.2 =
lg 1.2−K
Alg Pen

= 0.0792−K
Alg Pen

(10)

ΔT = T800 −T1.2 =
2.8239
Alg Pen

(11)

Note: T is the test temperature of needle penetration, °C; P is the
penetration value measured at each test temperature; AlgPen is the
coefficient of the regression equation. K is a constant term.

The thermal responsiveness of asphalt was illustrated by
the PI, where an elevated value indicated reduced susceptibility
to temperature fluctuations, while a diminished value signified
heightened sensitivity. The T800 index reflected the asphalt’s
performance under high temperatures; a superior value conveyed
excellent high-temperature attributes, while a lower value implied
subpar performance in elevated conditions. The T1.2 parameter was
employed to evaluate the asphalt’s resistance to low-temperature
cracking. Additionally, the plastic temperature range ΔT was
defined as the difference between T800 and T1.2. This range was
intricately linked to the temperature-sensitive characteristics of
asphalt, serving as a direct manifestation of the material’s applicable
temperature spectrum.
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FIGURE 9
Viscosity temperature index relationship between base asphalt and WMA: (A) K-SW, (B) K-EW, (C) T-SW and (D) T-EW.

For Sasobit warm-mix modified Karamay asphalt (K-SW) and
Tahe asphalt (T-SW), as well as Evotherm warm-mix modified
Karamay asphalt (K-EW) and Tahe asphalt (T-EW), at temperatures
of 15°C, 25°C, and 30°C, their penetration values were consistently
lower than those of the base asphalt. With an increase in the
dosage of warm-mix additives, the penetration values of the WMA
gradually decreased. This indicated that the additives rendered
the asphalt harder or increase its viscosity, thereby enhancing its
resistance to deformation.

The PI values for K-SW and K-EW ranged from −1.5 to
0.5, while those for T-SW and T-EW fall within the ranged
of −0.5 to 1.5. This suggests a certain relationship between the
extent of temperature sensitivity improvement in WMA and the
performance of the base asphalt. In the case of the two types of
Xinjiang asphalt, the addition of Sasobit increased the asphalt’s
sensitivity to temperature, whereas Evotherm reduced its sensitivity
to temperature. Additionally, an increase in the dosage of both
warm-mix additives contributes to enhancing the temperature-
sensitive performance of WMA.

With an increase in the dosage of both warm-mix additives,
the T800 of WMA showed an upward trend, indicating that the

warm-mix additives enhance the high-temperature performance of
the two base asphalts. Specifically, KS5 exhibited a growth rate of
4.0%, KE1 showed a growth rate of 12.7%, TS5 experienced a growth
rate of 3.3%, and TE1 demonstrated a growth rate of 4.7%. It was
noteworthy that the improvement in high-temperature performance
by Evotherm warm-mix additive was greater than that by Sasobit,
and Karamay asphalt was more sensitive to changes in the type of
warm-mix additive.

As the dosage of warm-mix additives increases, the T1.2
of WMA gradually increases. The additives enhance the low-
temperature performance of asphalt, with Sasobit showing a
greater improvement in Karamay asphalt compared to Evotherm,
while the trend was reversed for Tahe asphalt. It can be
observed that the type of asphalt influences the choice of warm-
mix additive.

3.1.2 Softening point analysis
The experimental results for the softening point of WMA

were depicted in Figure 7A. The addition of WMA resulted in
an increasing trend in the softening point of asphalt. With the
increasing dosage of the additives, the softening point of K-SW
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FIGURE 10
Viscosity-temperature index of base asphalt and WMA.

rose from 53.6 to 68.6, representing a percentage increase of
27.99%. Similarly, T-SW showed an increase from 57.5 to 72, with a
percentage rise of 25.22%.This indicated that the inclusion of Sasobit
improved the high-temperature performance of asphalt, enhanced
its high-temperature stability. In comparison to Sasobit, Evotherm
had a less pronounced effect on improving the high-temperature
performance of asphalt, with softening point increases of 8.02% for
K-EW and 4.39% for T-EW.

3.1.3 Ductility analysis
The experimental results for the ductility point of WMA were

depicted in Figure 7B.The ductility values for T-EW and T-SWwere
both greater than 150 cm, therefore, they were not shown in the
graph. From Figure 7B, it could be observed that the ductility of K-
SW and K-EW showed no significant trend with an increase in the
dosage of WMA. For T-SW and T-EW, their ductility values were
both greater than 150, attributable to the better low-temperature
deformation resistance of Tahe asphalt. Moreover, these values did
not exhibit a clear pattern of change with an increase in the dosage
of WMA. Therefore, ductility was not suitable for evaluating the
low-temperature performance of WMA.

3.1.4 Viscosity temperature coefficient analysis
Figure 8 showed the viscosity curve of the base asphalt and

WMA as a function of temperature.
It was observed in Figure 8 that the viscosity ofWMA decreased

with increasing temperature. This was because the molecular
thermal motion inside asphalt accelerated with an increase in
the external temperature, the intermolecular force decreased, and
depolymerization occurred, which finally led to a decrease in the
viscosity of asphalt.

Below 105°C, the viscosity of asphalt gradually increased with
the addition of warm-mix additives at the same temperature for
all four WMA types, except for T-EW. At temperatures above
105°C, at the same temperature, the viscosity of K90 was higher
than that of K-SW, and the difference between their viscosities

decreased with an increase in temperature. Simultaneously, the
viscosity of K-SW gradually decreased with the addition of Sasobit
dosage at the same temperature. The change in viscosity for K-EW
and T-SW were minimally influenced by the dosage of warm-mix
additives. Above 105°C, the viscosity trend of T-EW, in relation to
the variation in warm-mix additive dosage, aligns with the trend
seen in K-SW. Both K-SW and T-EW, classified as warm-mix asphalt
types, experienced a decrease in viscosity. Two kinds of warm
mixing asphalt, K-SW and T-EW, achieved the effect of reducing
viscosity.

In this study, we used viscosity–temperature index VTS to
analyze the temperature sensitivity of modified asphalt. The smaller
the value, the higher the temperature sensitivity of the asphalt
binders. Eq. 12 shows the VTS formula.

VTS =
lg[lg(ηT2) − lg(ηT1)]

lg (T2 + 273.13) − lg (T1 + 273.13)
(12)

In Eq. 12, T1 and T2 are the test temperatures for the asphalt
viscosity in °C; ηT1 and ηT2 are the viscosity values at temperatures
T1 and T2, respectively, in Pa·s.

Figure 9 shows theVTS diagramof base asphalt andWMA,with
the slope of the relation curve showing the VTS values of theWMA.
Figure 9 summarizes the calculated results. The smaller the VTS of
asphalt, the higher is the temperature sensitivity of the asphalt binder
(Lu et al., 2022).

The data in Figure 10 suggest that the temperature sensitivity
of Karamay asphalt was higher than that of Tahe asphalt. The
temperature sensitivity of WMA modified with Evotherm is higher
than that of WMA with Sasobit.

3.2 SARA analysis

According to the colloidal stability system, the lower the value
of CII, the higher the asphaltene stability in asphalt binder. If CII
≥ 0.9, the asphaltene fraction was prone to instability within the
crude oil. When at a level of 0.7 ≤ CII ≤ 0.9, asphaltene stability
became uncertain, while if CII ≤ 0.7, the asphaltene fraction was
stable (Siddiqui and Ali, 1999; Wang et al., 2019).

As shown in Figure 11, it was observed that the CII values
of WMA remained within the original range, indicating that the
addition of warm-mix additives had no discernible impact on the
stability of the original asphaltene fraction.

Figure 11 illustrated the SARA fractions as well as the colloidal
instability index for the base asphalt andWMA.The SARA fractions
of K90 showed significant differences from common road asphalt,
with very low Asphaltene (0.2%) and high Resins (45.46%). In
comparison, binder T90 contained more Asphaltene (16.82%) and
Aromatic (36.18%), but fewer Resins (19%) and Saturates (28%).
This trend was attributed to the different oil source and refining
process.Thedistinctive proportions of the SARA further highlighted
the typicity of the two asphalts from Xinjiang. Furthermore, it was
observed that the incorporation of the Warm mixing additive at a
low dosage did not result in any significant changes in the ratio of
the four asphalt components.

Figures 11A, C indicated that, as the concentration of Sasobit
flux increased, the saturation hydrocarbon content gradually
decreased. The wax structure of Sasobit was similar to the saturated
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FIGURE 11
SARA fractions of base asphalt and WMA: (A) K-SW, (B) K-EW, (C) T-SW and (D) T-EW.

TABLE 5 Penetration correlation calculation table (Tahe asphalt).

ID Penetration/0.1 mm R2 PI T800/°C T1.2/°C

15°C 20°C 25°C

T90 38.3 92.2 137.1 0.999 0.507 50.50 −25.61

TS1 32.3 79.2 124.0 0.997 0.186 50.67 −21.92

TS2 29.9 74.0 116.0 0.999 0.118 51.30 −20.55

TS3 27.9 70.4 110.0 0.999 0.033 51.59 −19.36

TS4 25.5 66.0 104.0 0.999 −0.131 51.64 −17.56

TS5 24.1 60.2 100.0 0.999 −0.163 52.17 −16.70

TS0.2 38.0 91.6 136.1 0.997 0.507 50.60 −25.52

TS0.4 37.4 88.6 134.0 0.999 0.507 50.93 −25.40

TS0.6 36.3 84.1 130.1 0.999 0.526 51.42 −25.10

TS0.8 35.0 78.8 126.3 0.999 0.544 51.93 −24.59

TS 1 32.1 76.0 113.8 0.997 0.544 52.89 −23.85
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FIGURE 12
FTIR spectra of base asphalt and WMA: (A) K-SW, (B) K-EW, (C) T-SW and (D) T-EW.

TABLE 6 Solubility parameters of asphalt.

Asphalt type K90 KS3 KE0.6 T90 TS3 TE0.6

CED(J/cm3) 3.24 3.21 3.40 3.52 3.45 3.54

δ (J/cm3)1/2 18.00 17.92 18.44 18.77 18.57 18.81

∆δ (J/cm3)1/2 —— 0.077 0.443 —— 0.203 0.042

hydrocarbons in asphalt. When the temperature is below its melting
point, Sasobit undergoes gradual crystallization and precipitation
with the saturated component, effectively encapsulating saturated oil
and wax components in the asphalt.This process enhances the high-
temperature stability of the asphalt (Ji and Xu, 2010; Liu et al., 2019).
During this process, the reagglomeration of resins or asphaltene was
prevented (Butz et al., 2001;Abraham et al., 2002). Subsequently, the
size of asphaltene aggregates was reduced, resulting in a decrease in
the viscosity of the asphalt (Hurley and Prowell, 2005).

In K90 asphalt, where the asphaltene content is extremely low,
the role of wax in binding asphaltene molecules is relatively small.
Throughout the preparation of WMA, the base asphalt undergoes
a certain degree of aging, leading to a decrease in the CII index of

K-SW with an increase in the warm-mix additive (Figure 11A). In
T90 asphalt, where the asphaltene content is relatively high, Sasobit
effectively exerts its binding effect on asphaltene, resulting in the CII
status as depicted in Figure 11C.

In the asphalt colloid system, the resins component exists
in two states: it is both a component of the dispersed phase
and a component of the dispersed medium (Li et al., 1997).
Additionally, the polar components of the resin contain surface-
active agents, exhibiting good compatibility with the cationic
ammonium salt in Evotherm, resulting in a synergistic enhancement
effect. This leads to an increase in asphaltene component, a
decrease followed by an increase in resins (Lian et al., 1994).
The structures of small molecules from Evotherm can enter the
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FIGURE 13
RDF of base asphalt and WMA: (A) asphaltene-asphaltene and (B) asphaltene-warm mixing additive.

aggregation gaps in asphaltene, preventing asphaltene binding and
promoting the gelation of asphaltene colloids (Wang et al., 2023).
In asphalts with a higher content of asphaltene and saturated
fractions, the reactions with Evotherm can be fully realized.
Therefore, in T-EW, the CII index exhibits a phenomenon of first
increasing and then decreasing, with a turning point observed at
an Evotherm content of 0.6% (Figure 11D). In K90 asphalt, due
to the minimal presence of asphaltene in the asphalt, Evotherm
primarily reacts with the saturated fractions. Consequently,
the colloid content gradually increases in all four components,
as illustrated in Figure 11B.

3.3 FTIR analysis

The FTIR spectra of base asphalt and WMA are shown in
Figures 12A–D.TheFTIR spectra of basic asphalt andWMAshowed
the same curve shape from 600cm−1–4,000 cm−1.The presence
of saturated hydrocarbons (alkanes) is shown by the bands at
2923 cm−1 and 2856cm−1, which are induced by asymmetrical and
symmetrical stretching of -CH2-, respectively. Furthermore, the
bands around 1375 cm−1 show the symmetric distortion of C-H in
CH3, whereas the bands at roughly 717 cm−1 represent the stretching
of C-H in CH3 or CH2. These bands could be seen in every FTIR
spectrum, indicating that the asphalt binders and fractions had the
same hydrocarbon components.

Furthermore, Aromatics, Resins, and Asphaltenes exhibited
unique bands at roughly 810–860 cm−1 and 1600 cm−1 in Tahe
asphalt and its warm mixed modified asphalt. These bands
correspond to the = C-H and C=C stretching vibrations of benzene
rings, respectively. This distinguishing trait strongly suggests that
these three fractions have aromatic structures.

3.4 Molecular dynamics simulation results

In the MD simulation research process, the focus was on
observing the motion and aggregation states of warm-mix additives

in asphalt. Therefore, we have chosen five types of asphalt for the
study, namely K90, KS3, KE0.6, T90, KS3, KE0.6.

3.4.1 Solubility parameter analysis
Table 6 displays the solubility parameters and the differences

in solubility parameters between the base asphalt and WMA.
According to the data, it is evident that in both Sasobit and
Evotherm warm-mix additives, K90 exhibits better compatibility
with Sasobit, while T90 shows better compatibility with Evotherm.
This observation is consistent with the experimental conclusions
drawn from the SARA.

3.4.2 RDF analysis
MD cohesion work is thought to be primarily governed by

the aggregation behavior of asphalt molecules (Xu et al., 2018a).
As a result, the RDF was used to learn more about how
WMA additives affect asphalt molecule aggregation. Figure 12
depicts the RDF curves.

Figure 13A shows that the asphaltene-asphaltene RDF in the
T90 base asphalt had a peak between 10Å and 12 Å, and the
peak value was about 1, indicating that the particles in the local
structure are uniformly distributed (Samieadel et al., 2018).The
value of the first peak became larger and advance after adding
Sasobit, the increase in the first peak value suggests that the packing
density increased and the aggregation behavior of asphaltene was
enhanced. The long-chain structure of Sasobit creates a higher
probability of stacking of asphaltene molecules. The increase
of asphaltene in SARA test was confirmed. Similarly, the early
appearance of the TE0.6 wave crest in RDF also explains the
increase of asphaltene in SARA test. Because K90 contains relatively
little asphaltene, the results of asphaltene-asphaltene RDF are not
presented here.

Figure 13B shows that the asphaltene-warm mixing additive
RDF in the WMA. In K90 asphalt, the lower content of asphaltene
molecules results in the delayed appearance of the KS3 peak
between 14 Å and 16 Å, with a peak value of 18 indicating
strong aggregation behavior between Sasobit molecules and
asphaltene. The TE0.6 peak appears between 3 Å and 5 Å,
and the subsequent curve remains in this range, indicating

Frontiers in Materials 13 frontiersin.org

https://doi.org/10.3389/fmats.2024.1363474
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Hu et al. 10.3389/fmats.2024.1363474

a uniform distribution of Evotherm within this range and its role in
dispersing asphaltene.

4 Conclusion

This paper clarifies the microscopic impact mechanisms of
warm-mix additives by thoroughly characterizing the performance
ofWMAon numerous scales.The base asphalts selected are K90 and
T90. Two typical warm-mix additives were investigated: wax-based
WMA additive (Sasobit) and surfactantWMA additive (Evotherm).
SARA component testing, infrared spectroscopy, and basic physical
investigations were carried out. Warm mix additives’ molecular
impacts are revealed by the construction of molecular models and
the execution of MD simulations for the representative WMA
additives. Several inferences aremade in light of the results that have
been provided:

(1) Based on the T800 and T1.2 indices, it was observed that
K90 exhibited excellent low-temperature performance, while
T90 demonstrated superior high-temperature characteristics.
The incorporation of warm mix additives was found to
effectively enhance both the high-temperature and low-
temperature performance of asphalt. Notably, Evotherm
proved to be more effective than Sasobit in improving the
high-temperature performance of asphalt, whereas Sasobit
surpassed Evotherm in its impact on low-temperature
performance. The conclusions drawn from the VTS and PI
metrics for warm mix asphalt were contradictory, prompting
the exploration of alternative methods for evaluating the
sensitivity of warm mix asphalt.

(2) Regarding the reduction in asphalt viscosity, it was observed
that the variations in the dosage of warm mix additives had
a negligible impact on the viscosity of warm mix asphalt. The
viscosity-reducing effect of the Sasobit warm mix additive was
found to be superior to that of Evotherm for K90, while for T90
asphalt, the situation was reversed.

(3) The analysis of warm mix additive mechanisms from the
perspective of asphalt components, through both physical
index tests and MD simulations, provided mutual validation.
Sasobit, functioning as a wax-type warm mix additive,
crystallized with the saturated components, forming a
spatial network structure while facilitating the aggregation
of asphaltene components. This conclusion was evident
in the SARA analysis and the RDF in MD simulations.
On the other hand, Evotherm warm mix additive, while
dispersing asphaltene, also synergistically interacted with
the polar components of resin. The reduction of asphalt
content and resin in the SARA components validated this

conclusion, with further clarification from the RDF in MD
simulations.

(4) The Solubility parameter in MD simulations consistently
aligns with the viscosity results of the asphalt. Concerning
warm mix asphalt modification, it was observed that
K90 asphalt exhibited better compatibility with Sasobit,
while T90 asphalt was more suitable for modification
with Evotherm.
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