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In this study, three typical oil source asphalt binders, Karamay asphalt A, CNOOC 36-1 asphalt B, Qinhuangdao CNPC asphalt C, were selected to prepare asphalt binders together with the warm mix agent Evotherm M1. The effects of warm mix agents on asphalt from different oil sources were experimentally studied via dynamic shear rheological (DSR), thermogravimetric analysis (TG), and Raman spectroscopy tests. The asphalt binders with different oil sources exhibit different properties. The rheological test results indicate that the addition of warm mix agent can slow down the decrease of asphalt viscosity during the aging process and the aging of asphalt. The results of the thermogravimetric test showed that the residual mass of asphalt with the addition of a warm mix agent significantly decreased after aging. Warm mixing agents can slow down the conversion of lightweight components to heavy components during the aging process of asphalt. By calculating the reflectivity of asphalt in Raman spectroscopy, it can be concluded that the reflectivity of asphalt decreases after adding a warm mix agent. The warm mixing agent reduces the degree of thermal evolution of asphalt. Warm mixing agents can make the chemical components in asphalt relatively stable and less prone to further pyrolysis or cracking reactions.
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1 INTRODUCTION
Building a low-carbon society has become a strategic focus worldwide. The construction temperature of hot mix asphalt mixture is generally 160°C∼180°C (Qiu et al., 2012; Zhang et al., 2023). The mixing temperature of rubber asphalt and special modified asphalt can even reach over 190°C. This not only requires a large amount of heating fuel, but also generates a large amount of harmful and toxic substances such as greenhouse gases and asphalt smoke. The working temperature of Warm Mix Asphalt (WMA) is usually between 90°C and 130°C. It can be divided into chemical process, foam process and organic additive process (Guo et al., 2017; Hou et al., 2017).
Chemical additives such as warm mix asphalt can reduce the working temperature by up to 35°C∼55°C. Additives can reduce the surface tension of the aggregate asphalt interface, improve low-temperature coating and construction workability (Xu and Huang, 2010; Sun et al., 2011; Bowers et al., 2014). At present, there are various types of asphalt on the market, and the performance of asphalt after adding warm mix agents shows diversity. This results in varying quality and implementation effects of warm mix asphalt, making it difficult to estimate the impact on the final pavement performance (Dong et al., 2017).
By studying the warm mixing characteristics of asphalt from different oil sources, it is beneficial to choose the compatibility between asphalt and warm mixing agents. Further explore the impact mechanism of additives on the chemical components of asphalt, and ultimately improve the application effect of warm mix asphalt in road engineering.
This article selects three representative oil sources of road petroleum asphalt and uses dynamic shear rheological test (DSR), thermogravimetric analysis test (TG), and Raman spectroscopy test to study the characteristics of warm mixed asphalt from different oil sources. The article explores the influence of warm mixing agents on the performance and chemical composition of asphalt. It can guide the selection and analysis of warm mixed asphalt.
2 MATERIALS AND TESTING METHODS
2.1 Materials
According to the type of asphalt oil source, we selected three representative 70 # road asphalt as samples, which are labeled as: Karamay asphalt (A), CNOOC 36-1 asphalt (B), and Qinhuangdao CNPC asphalt (C).
Karamay asphalt is made from high quality naphthenic base heavy oil in Block 9. The process of blending vacuum residue with deoiled asphalt is used to produce road petroleum asphalt (Badre et al., 2006; Menapace et al., 2016). Karamay asphalt belongs to naphthenic base crude oil, which has the characteristics of low solidifying point, low wax content, low sulfur content and high resin content. It is currently the only road petroleum asphalt with a density less than 1 g/cm3, which has the characteristics of high dynamic viscosity and high ductility after aging. Mainly used in areas with large temperature differences between day and night, long exposure to sunlight, and strong ultraviolet radiation.
CNOOC 36-1 asphalt is made from rare crude oil from the Suizhong 36-1 oilfield. Suizhong crude oil is a low sulfur cycloalkyl, high acid heavy oil with high density, low wax content, and high gum content. It has the characteristics of high low-temperature ductility, good low-temperature crack resistance, and good water stability.
Qinhuangdao China Petroleum Asphalt is mainly composed of Venezuelan Persian Cane crude oil. This crude oil has high acid value, heavy metal content, and residual carbon, while it has low saturated hydrocarbon content, high gum and asphaltene content, and low wax content.
In this study, three different original asphalt recorded as AO, BO, CO. Three types of asphalt added with warm mix agents are respectively recorded as AP, BP, CP.
The performance index test results of three types of asphalt are shown in Table 1. The test method refer to the “Test Specification for Asphalt and Asphalt Mixtures in Highway Engineering” (JTG E20).
TABLE 1 | Asphalt performance indicators.
[image: Table 1]The warm mixing agent Evotherm M1 is a surface active dosage form developed by Meadwestvaco in the United States. The warm mixing agent is a dark brown liquid at room temperature.
2.2 Preparation for warm mix asphalt binder
The preparation method of warm mixed asphalt binder: Heat the asphalt to 135°C. Calculate the amount of warm mix additives added (based on 0.6% of asphalt mass). Slowly pour the weighed warm mixing agent into the asphalt in a mixed state, with a speed of 200-300 r/min and a mixing time of 20–30 min.
2.3 Test and evaluation method
In this study, the rheological properties, thermal stability, and molecular structure information of three representative oil sources of asphalt before and after warm mixing were studied. Dynamic shear rheological test, thermogravimetric analysis test, and Raman spectroscopy test were used.
2.3.1 Rheological performance tests
This study used the dynamic mechanical analysis method ASTM D7175 to test and analyze the rheological properties of asphalt. Test the high-temperature rheological properties of warm mixed asphalt as a function of temperature. Using a frequency of 10 rad/s. Scan with a temperature range of 58°C∼82°C, and test at 6°C intervals (Qian et al., 2001). The constant temperature curing time at each temperature point is 10 min. Through rheological analysis, the viscoelastic indicators of asphalt before and after warm mixing, such as high temperature domain modulus of elasticity (G′) and phase angle, are obtained through testing(δ), Viscous modulus (G″), rutting factor (G*/sin δ) Etc.
2.3.2 Thermogravimetric analysis test
Thermogravimetric analysis is an analytical technique that measures the mass changes of samples at different temperatures under program-controlled temperature conditions. Warm mixed asphalt undergoes corresponding chemical changes, decomposition, and composition changes at a certain temperature, accompanied by changes in quality (Abo-Qudais and Al-Shweily, 2007; Hsu et al., 2011; Wang et al., 2022). This study uses thermogravimetric analysis to evaluate the thermal stability of warm mixed asphalt binder. In thermogravimetric analysis, test conditions are set based on the physical and chemical properties of warm mix asphalt, and appropriate sample quality and heating rate are selected. Excessive heating speed can lead to significant errors or reaction delays in obtaining real-time quality and other information of the sample. If the heating rate is too slow, it may not reflect the true state of thermal decomposition of warm mixed asphalt. In this study, METTLER TOLEDO’s TGA/DSC 2 1600HT was used to test the thermal gravimetric analysis of asphalt before and after the addition of a warm mix agent and the aging effect. The test temperature was selected from 0°C to 800°C, and the heating rate was 10°C/min.
2.3.3 Raman spectra
Raman spectroscopy, as a scattering spectrum, can obtain information on molecular vibration and rotation (Wang et al., 2015). In this study, Horiba LabRAM HR Evolution was used to measure the changes in molecular structure of asphalt before and after warm mixing. Identify the size, intensity, and shape of Raman shifts in warm mix asphalt.
Asphalt samples can exhibit typical D and G peaks (Curtis et al., 1993). There may be interference from background signals in the original spectrogram, and it is necessary to perform background removal and peak splitting processing on the spectrogram to obtain effective spectral information.
The parameters of the Raman spectrum are shown in the Figure 1: H is the peak height, W is the half peak width, S is the lowest point between the D and G peaks, and H '/S is defined as the saddle index (Tan and Guo, 2014).
[image: Figure 1]FIGURE 1 | Raman spectral parameters.
3 RESULTS AND DISCUSSIONS
3.1 Rheological properties of warm mix asphalt
Temperature scanning experiments were conducted on three typical asphalt samples before and after adding warm mix agents under three conditions: original asphalt, RTFOT, and PAV after RTFOT. An available DSR was used for rheological testing to obtain the changes in rutting factor and phase angle under different aging conditions.
The elastic modulus of warm mixed asphaltvaries with different oil sources, mainly determined by the interaction forces between its components and asphalt molecules. The rutting factor and phase angle of different asphalt before and after warm mixing under different aging conditions are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Rheological properties of warm mixed asphalt with different oil sources. (A) Asphalt A, (B) Asphalt B, (C) Asphalt C.
From the scanning results, it can be seen that as the temperature increases, the rutting factor of asphalt decreases and the phase angle increases. This means that the viscosity of asphalt decreases and the resistance to rutting decreases. The rutting factors are as follows: AO+RFTOT+PAV>AO+RFTOT>AO. After experiencing short-term and long-term aging, the modulus of asphalt continues to increase. The rutting factor of warm mixed asphalt is: AP + RFTOT + PAV>AP + RFTOT>AP. The rutting factor of warm mixed asphalt gradually increases with the deepening of aging degree. Comparing the rutting factors of asphalt and warm mix asphalt under the same aging state, it can be seen that the rutting factor of warm mix asphalt is slightly greater than the rutting factor of the original asphalt. The addition of warm mix agents makes asphalt have stronger resistance to deformation. After RTFOT, the rutting factor of warm mix asphalt is the same as that of the original asphalt. After experiencing both short and long-term aging, the rutting factor of asphalt in its original state is greater than that of warm mix asphalt. From this, it can be seen that the addition of warm mix agents can slow down the aging and hardening degree of the base asphalt.
Phase angle δ As the aging state changes, there is a continuous increasing trend within the scanning temperature range. The phase angle of the original asphalt sample is in descending order: AO>AO+RTFOT>AO+RTFOT+PAV.
As the aging degree deepens, the phase angle gradually decreases and the viscosity of asphalt gradually decreases. The phase angle of warm mixed asphalt is in the order of AP>AP+RTFOT>AP+RTFOT+PAV, which is consistent with the phase angle variation of the original asphalt sample.
Comparing the phase angles of asphalt and warm mix asphalt under the same aging effect, it can be seen that the phase angle of warm mix asphalt is slightly smaller than the phase angle of the original asphalt. The addition of warm mix agent slightly reduces the viscosity of asphalt, further explaining the principle that warm mix agent can mix at low temperature. After RTFOT, the phase angle of warm mixed asphalt is slightly greater than that of the original asphalt. After short and long-term aging, the phase angle of warm mix asphalt is much greater than that of the original asphalt. The phase angle characterizes the viscosity of asphalt, and the smaller the phase angle, the smaller the viscosity of asphalt. The addition of warm mix agents can delay the decrease in viscosity of asphalt under aging and alleviate its aging.
In the lower temperature scanning stage, the deeper the aging degree of asphalt, the better the content of high molecular weight components in asphalt. Asphalt binders exhibit better elastic properties, resulting in lower phase angles compared to other aging stages. As the temperature increases, the asphalt material gradually softens and tends towards viscous flow dynamics. The asphalt samples with deeper aging degree show a faster increase in viscosity composition and a significant increase in phase angle with the increase of temperature.
B asphalt and C asphalt exhibit similar rheological properties as A asphalt. The delaying effect of warm mix agent on B asphalt is not as good as A asphalt. The performance is better when mixed with asphalt A.
3.2 Thermal stability of warm mixed asphalt
This study controls the temperature rise and fall rate of the sample, and then measures the mass change of the sample at different temperatures. Determine the thermal decomposition of asphalt at different temperatures. Test the mass loss rate of the sample before and after warm mixing at different temperatures. Analyze the influence of warm mixing agents on the thermal stability of asphalt.
The quality of asphalt remains basically unchanged between 0°C and 214.46°C, and its performance remains stable. The quality of asphalt will not be lost during the heating and mixing process of asphalt and aggregates at 214°C. Asphalt begins to experience mass loss from 296°C. The thermal decomposition process is basically completed at around 500°C. Asphalt materials are basically completely carbonized.
The thermal decomposition process of asphalt after PAV basically ends at around 543°C, and the thermogravimetric curve remains stable. After adding a warm mixing agent to asphalt, there is basically no effect on the inflection point temperature and residual quality of the original asphalt sample. After long-term aging, the residual mass of the original sample increases, while the residual mass of the warm mixing agent decreases.
As the temperature increases, each component in asphalt begins to decompose. The original small molecules and decomposed small molecules in asphalt gradually break free from intermolecular forces and escape from the asphalt material (Hou et al., 2015; Hou et al., 2016). Therefore, the thermal stability of asphalt before and after warm mixing is evaluated by analyzing the inflection point temperature and residual mass ratio of the thermogravimetric curve of asphalt materials.
The inflection point temperature and residual mass data of three types of asphalt are shown in the Table 2.
TABLE 2 | Thermal weight loss data of different asphalt under different aging conditions.
[image: Table 2]Analyze the residual quality changes of three types of asphalt samples, long-term aging PAV, and warm mix asphalt after long-term aging PAV, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Different residual qualities of asphalt.
The residual mass of asphalt from different oil sources gradually increases with long-term aging. Aging can cause the association and aggregation of asphalt molecules. The addition of warm mix agents will have a certain impact on the composition and microstructure of asphalt components. After the aging of warm mix asphalt binder, the residual quality significantly decreases, indicating that the warm mix agent will slow down the conversion of light components to heavy components in the aging process of asphalt. Warm mix agents can reduce the molecular association of asphalt during aging and slow down the aging of asphalt.
By comparing the residual quality of different types of asphalt, A asphalt has the smallest residual quality after thermogravimetric analysis, followed by B asphalt. C asphalt has more carbonized components that have not been decomposed. The residual mass of asphalt with more asphaltene content after thermogravimetric analysis is greater. Asphalt has a high content of asphaltene and is prone to carbonization. The higher the content of non decomposable components at high temperatures, the higher the residual mass ratio of thermogravimetry. Generally, components that cannot be decomposed above 460°C have larger molecular weights, more condensed aromatic rings, and are prone to carbonization. Therefore, there will be significant differences in the residual quality of asphalt from different oil sources.
3.3 Molecular structure changes of warm mixed asphalt
This study used Raman spectroscopy to test the changes in molecular structure and chemical bond information of warm mixed asphalt from different oil sources. Raman spectroscopy is a non-destructive spectroscopy technique that uses laser irradiation of asphalt samples to measure the changes in photon energy scattered by asphalt, thereby obtaining molecular structure and composition information before and after warm mixing of asphalt (Shan et al., 2010).
This study used HORIBA Scientific LabRAM HR Evolution for Raman spectroscopy testing. Raman spectroscopy is a surface test with a detection depth of about 10 nm and a spot size of 1um.The Raman spectra of three different types of warm mixed asphalt were shown in Figure 4.
[image: Figure 4]FIGURE 4 | Raman spectra of three different types of warm mixed asphalt. (A) Asphalt A, (B) Warm mixed asphalt A, (C) Asphalt B, (D) Warm mixed asphalt B, (E) Asphalt C, and (F) Warm mixed asphalt C.
Based on the Raman spectra of each asphalt, determine the positions of the D and G peaks and perform peak fitting. Obtain quantitative characterization parameters for the D and G peaks, mainly including: (Zhang et al., 2023) Peak position: WD and WG represent the positions of D and G peaks, respectively; (Qiu et al., 2012) Half height width: FWHMD and FWHMG; (Guo et al., 2017) Peak height: H; (Hou et al., 2017) Half peak width: W; (Sun et al., 2011) S is the lowest point between the D and G peaks; (Bowers et al., 2014) Saddle index: H '/S.
Wilkins et al. [*] proposed a method for peak separation of asphalt Raman spectra through extensive experimental data analysis, and provided a formula for calculating asphalt reflectance using Raman spectral parameters. The formula for calculating the reflectance of asphalt Raman spectroscopy parameters is:
[image: image]
In the formula, vD and vG are the peak positions of D and G peaks, with peak spacing of (vG-vD). The half width at half height of D and G peaks is FWHM-D and FWHM-G and the saddle index. Calculate the Raman spectral parameters of different types of asphalt in the Table 3.
TABLE 3 | Raman spectroscopic parameters of asphalt.
[image: Table 3]Raman spectroscopy parameters can better characterize the maturity of asphalt. By using the Lorentz peak fitting method to process the original test results, effective characteristic parameters of Raman peaks can be obtained. The saddle index and reflectance changes of asphalt before and after warm mixing can be analyzed as shown in the Figure 5.
[image: Figure 5]FIGURE 5 | Asphalt Raman parameters. (A) Saddle index. (B) Asphalt reflectance.
As the degree of thermal evolution gradually increases, the alkane structure in asphalt gradually decreases. Due to the association effect, the spacing between aromatic ring structures decreases, resulting in an increase in reflectivity. The warm mix agent reduces the degree of thermal evolution of asphalt. The reflectivity of different types of asphalt decreases after adding warm mix agents. The decrease in thermal evolution indicates that the components in asphalt are relatively stable and less prone to further thermal decomposition.
4 CONCLUSION
Through dynamic shear rheological test, thermal weight loss test, and Raman spectroscopy test, the rheological properties, thermal decomposition stability, and the influence of temperature mixing agents on the microstructure of three typical oil source asphalt were studied. The results indicate that asphalt binders with different oil sources exhibit different warm mix properties.
(1) The addition of warm mix agents can delay the decrease in viscosity of asphalt under aging and alleviate the aging of asphalt.
(2) Asphalt with high asphaltene content has a large residual mass after thermal decomposition. Warm mix agents can slow down the molecular association of asphalt during the aging process. The residual mass of warm mixed asphalt after thermal decomposition has decreased.
(3) The reflectivity of different types of asphalt decreases after adding warm mix agents, indicating that warm mix agents reduce the degree of thermal evolution of asphalt. Warm mixing agents can make the components in asphalt relatively stable and less prone to further pyrolysis or cracking reactions.
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