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Editorial on the Research Topic 
Asphalt pavement performance under complex service conditions


Asphalt pavements often deteriorate under complex service conditions, as evidenced by reduced mechanical integrity, weakened interfacial bonding, and the emergence of secondary damage. These issues can significantly escalate maintenance costs and undermine operational safety and efficiency. While recent technological advances have improved the durability of asphalt materials, the combined effects of moisture, temperature variations, and traffic loading continue to present substantial challenges to long-term performance. Therefore, the development of advanced testing and characterization methods tailored to these multifactorial service conditions is essential to uncovering failure mechanisms and extending the service life of asphalt pavements.
“Frontiers in Materials” is an internationally recognized, high-visibility journal dedicated to publishing rigorously peer-reviewed studies that cover a wide spectrum of Research Topic in materials science and engineering. The Research Topic “Asphalt Pavement Performance under Complex Service Conditions” highlights recent advances and emerging technologies related to asphalt pavements. Specifically, this Research Topic addresses the multiscale investigation of asphalt pavement materials, performance evaluation under complex service conditions, and maintenance materials and schemes.
	1. Multiscale investigation of asphalt materials: As a typical multiphase composite material, asphalt materials exhibit scale-dependent mechanical properties. Integrating investigations on these materials across multiple scales can provide valuable insights and explanations into their failure mechanisms. At the microscopic scale, the physical, chemical, and mechanical properties of the asphalt binder are governed by interactions among molecules of varying polarity and size. The effects of Sasobit and Evotherm warm mix agents on Karamay 90# asphalt and Tahe 90# asphalt in Xinjiang were evaluated by using Fourier transform infrared (FTIR) and molecular dynamics simulations. The results showed that Sasobit has good compatibility with Karamay 90# asphalt, while Evotherm has a good modification effect on Tahe 90# asphalt (Hu et al.). Rheological and microscale chemical indicators were proposed to evaluate the extent of aging of polymer-modified asphalt binder, including the complex shear modulus |G*| at 52°C, the derivative of 

	creep compliance J′ at −18°C, and the carbonyl index ICA (Chen et al.). At the mesoscopic scale, the adhesive property between aggregates and bitumen directly affects the performance of the asphalt mixture. The surface roughness, chemical composition, and surface adhesion properties of limestone were better than those of diabase, which resulted in limestone fine aggregate showing better adhesion performance with bitumen than diabase fine aggregate. It was recommended that diabase coarse aggregate and limestone fine aggregate be used to improve the asphalt-aggregate interface (Zeng et al.). In addition, an innovative asphalt mixture design method based on the binder film thickness (BFT) was developed, which, compared with the conventional Marshall and Superpave methods, may achieve superior rutting resistance and balanced durability while reducing binder content (Khan et al.). At the macroscopic scale, a new method of mineral aggregate gradation optimization based on the fuzzy analytic hierarchy process and a comprehensive evaluation method was proposed to obtain the optimal gradation for road performance (Zhu et al.). Polyacrylamide (PAM) can significantly enhance the mechanical properties of cement-stabilized construction waste slurry under varying moisture contents. An optimal PAM content of approximately 0.5% improves unconfined compressive strength, elastic modulus, and shear strength, and provides valuable insights for waste slurry resource utilization (Guo et al.). Overall, by integrating microscopic, mesoscopic, and macroscopic investigations, multiscale research not only deepens the fundamental understanding of the physical, chemical, and mechanical behaviors of asphalt materials but also provides practical guidance for material modification and mixture design, thereby improving pavement performance and durability.
	2. Performance evaluation under complex service conditions: The effective determination of the working stress and service performance of asphalt pavements under complex service conditions is fundamental to analyzing their failure mechanism. The incorporation of recycled concrete aggregate (RCA) and freeze-thaw cycles was found to have a significant impact on the fatigue performance of asphalt concrete, where increasing freeze-thaw cycles accelerate fatigue damage, while an appropriate amount of recycled aggregate content was observed to mitigate strength loss and enhance durability under coupled environmental and mechanical loading conditions (Yan et al.). Salt erosion markedly deteriorated the mechanical strength and drying shrinkage resistance of cement-stabilized macadam. As salt solution concentration increased, the cement-stabilized macadam transitioned from shrinkage to expansion, thereby causing arching distress (Wang et al.). Furthermore, the temperature-load coupling effect had a significant influence on the permanent deformation behavior of steel-concrete composite beam bridge deck pavement, in which thermal stress and repeated loading jointly accelerate rutting development, thereby compromising structural durability and service performance (Yang et al.). In summary, the coupled effects of environmental and mechanical factors exert a critical influence on asphalt pavement performance and should be thoroughly addressed in durability-oriented pavement design.
	3. Maintenance materials and schemes: For maintenance materials, SBS/CR-modified asphalt binder with C9 petroleum resin exhibited superior rheological properties and 3D printability, which enhanced its adaptability as a crack-filling material by providing improved deformation resistance at high temperatures and flexibility at low temperatures (Niu et al.). Regarding intelligent maintenance, a pavement dynamic monitoring data processing approach based on wavelet decomposition and reconfiguration was proposed, which effectively filters noise and enhances feature extraction, thereby improving the accuracy and reliability of pavement condition evaluation (Shang et al.). Overall, advances in maintenance material development and intelligent monitoring technologies offer promising approaches to improving the effectiveness, reliability, and efficiency of asphalt pavement maintenance.
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Early damage to asphalt pavements generally occurs due to the increasing traffic flow and the loads of vehicles, coupled with alternating high- and low-temperature cycles, freeze–thaw cycles, ultraviolet radiation, and other harsh environments. Several types of distress, such as rutting, cracking, and other damage, deteriorate the serviceability of asphalt pavements and shorten the road service life. Thus, the long-term structural mechanical response of asphalt pavements under the influence of loads and the environment is crucial data for the road sector, which provides guidance about road maintenance. Effectively processing the pavement dynamic monitoring data is a prerequisite to obtain the dynamic response of asphalt pavement structures. However, the dynamic monitoring data of pavements are often characterized by transient weak signals with strong noises, making it challenging to extract their essential characteristics. In this study, wavelet decomposition and reconstruction methods were applied to reduce the noise of pavement dynamic response data. The parameters of the signal-to-noise ratio (SNR) and root mean square error (RMSE) were introduced to compare and analyze the effect of the decomposition of two different wavelet functions: the symlet (sym) wavelet function and the Daubechies (db) wavelet function. The results showed that both the sym and db wavelet functions can effectively obtain the average similarity information and the detailed information of the dynamic response signals of the pavement, the SNR after the sym wavelet fixed-threshold denoising process is relatively higher, and the RMSE is smaller than that of the db wavelet. Thus, wavelet transformation exhibits good localization properties in both the time and frequency domains for processing pavement dynamic monitoring data, making it a suitable approach for handling massive pavement dynamic monitoring data.
Keywords: asphalt pavement, pavement dynamic response, signal processing, wavelet decomposition and reconfiguration, monitor

1 INTRODUCTION
The increasing demand for fast and convenient transportation has resulted in the need for intelligent road infrastructure. This infrastructure heavily relies on the application of digital transport systems and road monitoring information support (Wang and Wang, 2019). Previous studies have mainly relied on macroscopic road surface investigations and non-destructive testing techniques to evaluate asphalt pavement performance. However, asphalt pavements are subjected to various factors, such as external loads, temperature, and humidity. To monitor the dynamic response and internal environmental information of pavement structures, researchers have used fiber-optic grating sensors and resistance-type sensors, enabling the monitoring of pavement dynamics and environmental changes. This information helps us in the understanding of the relationship between load and pavement performance, providing valuable insights about road maintenance (Liu and Qin, 1998).
Mechanical parameters, including stress and strain, are essential for the pavement design, according to the Chinese Specifications for Design of Highway Asphalt Pavement (Ministry of Transport of the People’s Republic of China, 2017; Li and Ji, 2019). Researchers have attempted to obtain the mechanical response of asphalt pavement interlayers. Embedded sensors in layered structures have proven effective in monitoring these parameters and capturing their dynamic response. For example, Guan and Zhuang (2012) measured road strain–stress signals using asphalt strain gauges and earth pressure boxes, analyzing the dynamic strain and compressive stress in different layers. Liu and Li (2017) collected asphalt pavement strain data using I-beam strain sensors and developed software for post-processing. Yang and Wang (2010) investigated the dynamic strain response of asphalt layers under heavy loads and temperature effects. Wei and Wang (2009) measured strain data under different loads and analyzed the response using resistance strain sensors. Several other studies have also explored strain sensor arrangements and have developed monitoring systems for asphalt pavements (Tan and Li, 2017; Cornaggia et al., 2022).
Various signal processing techniques have been utilized in pavement research studies. For instance, Hui et al. (2023) and Hui and Yu (2023) used fast Fourier transform (FFT) to analyze acoustic emission signals and characterize asphalt damage patterns. Jiang and Nie (2015) applied wavelet decomposition and reconstruction filtering to reduce vibration noise in the output signal of a fiber-optic gyroscope. Wavelet-based methods have also been utilized in pavement identification, adhesion coefficient estimation, and crack detection (Sun et al., 2011; Golestani et al., 2013; Devi et al., 2022). However, previous studies have lacked effective preprocessing, real-time analysis, and feature extraction methods for handling large-scale pavement monitoring data. Accurate processing of dynamic monitoring data is crucial for the understanding of the dynamic response of asphalt pavements, as road dynamic signals are weak and transient and often accompanied by significant noise. In this context, traditional Fourier filtering techniques are not suitable due to the non-smooth nature of the signals. Wavelet transformation emerges as a suitable approach for processing extensive monitoring data in asphalt pavements.
Symmetrical wavelets, also known as orthogonal wavelets or biorthogonal wavelets, are a class of wavelet functions that exhibit symmetry properties (Powers, 2022). Unlike other types of wavelets, symmetrical wavelets possess both symmetry and anti-symmetry characteristics (Gossler et al., 2022). These wavelets are designed to have equal energy distribution in their positive and negative frequency components (Banerjee and Bhowmik, 2022). The key characteristic of symmetrical wavelets is their ability to provide a balanced representation of both high-frequency and low-frequency components of a signal (Bairwa and Rathod, 2022). This property makes them particularly useful for analyzing signals with symmetric properties or those that require a balanced representation of positive and negative values. In practical terms, the use of symmetrical wavelets in signal processing allows for an accurate and stable analysis of signals, as they can capture both fine details and global trends in a signal (Ghobber and Mejjaoli, 2023). They are commonly utilized in various applications, including image processing, audio and speech analysis, data compression, and time–frequency analysis. The symmetric properties of these wavelets enable efficient filtering of signals, noise reduction, feature extraction, and decomposition of signals into different frequency components. They provide a versatile tool for analyzing and processing signals in both the time and frequency domains (Ke et al., 2023). In the context of pavement engineering and maintenance, the application of symmetrical wavelets in signal processing can help extract meaningful information from dynamic response signals obtained from field testing (Janani et al., 2022). Through symmetrical wavelet analysis, the method proposed in this study can effectively remove noise and enhance the accuracy and clarity of the pavement’s dynamic behavior representation, enabling a better understanding of its performance and facilitating decision-making in pavement engineering practices (Mallat, 1989; Zeng, 2007; Qin, 2014; Shao and Bai, 2014; Zhang, 2016; Tulup, 2021).
This paper focuses on the application of wavelet decomposition and reconstruction techniques to process dynamic response signals obtained from field testing of asphalt pavements. By removing high-frequency noise, the processed signals provide a clearer and more accurate representation of the pavement’s dynamic behavior. We introduce the signal-to-noise ratio (SNR) and root mean square error (RMSE) as evaluation parameters for comparing two different wavelet functions: the symlet (sym) wavelet function and Daubechies (db) wavelet function. The effectiveness of the proposed method is validated through the experimental analysis and comparison with traditional signal processing techniques. The processed data lay a valuable foundation for further analysis and decision-making in pavement engineering and maintenance.
2 ENGINEERING BACKGROUND AND DATA SOURCE
2.1 Engineering background
The original monitoring data of this study were collected from an urban road in Jinan, Shandong. Sensors were directly laid on a semi-rigid road base, and asphalt strain gauges were arranged outside of the lane. The applied sensors were coefficient-calibrated, and data acquisition was verified to be stable. The temperature and humidity sensors were, respectively, arranged between a 6-cm AC-20 asphalt mixture layer and an 8-cm AC-25 pavement layer and a 13-cm LSPM-30 base and an 18-cm cement-stabilized gravel base. A spacing of 60 cm was set between the sensors. The pavement structure and sensor layout are illustrated in Figure 1. The asphalt layer bottom sensor is grounded and shielded by the instrument, and the noise base fluctuates by only 1–3 uε to meet the acquisition conditions.
[image: Diagram showing three panels: A) Cross-section illustration of a layered structure with measurements at 4 cm, 7 cm, 10 cm, 15 cm, and 18 cm. B) Photo of a grid pattern made with black and yellow lines on a pavement-like surface. C) Schematic with arrows indicating thread directions through three setups labeled 1, 2, and 3, with numbers 10, 11, and 12.]FIGURE 1 | Diagram of the road surface structure and sensor placement. (A) Diagram of the asphalt pavement structure; (B) sensor location; and (C) diagram of sensor placement.
2.2 Field testing
The testing vehicle was a 6.8-m two-axle flatbed truck manufactured by Dongfeng, and the tire inflation pressure was 1.2 MPa during the test. A controlled axle weight of 10 t was set for the rear axle of the two-axle truck (single-axle twin wheelset, Figure 2B). The front-axle weight was weighed and recorded (2.8 t). The dynamic response signals of the pavement were recorded using a high-frequency data acquisition system with multiple measurement functions, solid-state relay modules, and scanning speeds of up to 800 channels/second.
[image: Image A shows a road with a cordoned-off area marked by red and white tape. A blue sign with Chinese characters is visible nearby. Image B depicts a construction scene with a tractor loading dirt into a red truck, surrounded by trees.]FIGURE 2 | Field testing area and load-controlled vehicle. (A) Test section; (B) two-axle truck loaded with sand.
2.3 Dynamic pavement response signal acquisition under loading
A dynamic load appears when the original signal of the pavement dynamic response amplitude changes with time, as shown in Figure 3. The horizontal coordinate is the time, and the vertical coordinate is the signal amplitude. The waveform graph shows that the collected pavement dynamic response signal base fluctuation is large; the data that appeared in the three peaks are the response signals when the wheels pass through the sensor. The fluctuation region noise interference is more serious, which almost covers the characteristic peak. The noise seriously affects the subsequent pavement monitoring work, which needs to be reduced.
[image: A line graph showing strain in microstrain over time in seconds. The data fluctuates densely between 2 and -6 microstrain. Three red rectangles highlight specific areas of increased strain, around the 30 to 40-second mark.]FIGURE 3 | Original signal time-domain diagram.
3 SIGNAL PROCESSING BASED ON WAVELET DECOMPOSITION AND RECONSTRUCTION
3.1 Wavelet decomposition and reconstruction methods
The wavelet decomposition and reconstruction processing methods have the advantages of low entropy, multi-resolution, and decorrelation (Hui et al., 2023). Wavelet decomposition requires a priori knowledge of the signal frequency to determine the basic functions and decomposition levels, which decomposes the signal into a set of elementary functions called wavelets; these wavelets are obtained by scaling and shifting a prototype wavelet called the mother wavelet (Hui and Yu, 2023). We set the mother wavelet function ψ(t) with a scale factor of a and a translation factor of b; then, the wavelet analysis basis is defined as follows:
[image: Mathematical equation showing phi of t equals one over the square root of the absolute value of a, multiplied by phi of the fraction of t minus b over a, enclosed in parentheses.]
	(1) Discrete wavelet transformation:

Mallat proposes an efficient algorithm for decomposing signals into approximate and detailed sequences (Sun et al., 2011). The wavelet decomposition process is shown in Figure 4, where S denotes the original signal, A denotes the approximate or low-frequency signal, and D denotes the detailed or high-frequency signal, with each level dividing the low-frequency signal into a high-frequency signal and a low-frequency signal.
[image: Text stating "Level 1: S = D1 + AI."]
[image: Text reads, "Level 2: A1 = D2 + A2."]
[image: Text displaying "Level 3: A2 = D3 + A3" in a simple font.]
[image: Flowchart depicting a hierarchical structure starting with "S" at the top. Below "S," it branches into "A1" and "D1." "A1" further branches into "A2" and "D2." "A2" branches into "A3," and "D2" branches into "D3."]FIGURE 4 | Wavelet decomposition process.
It is noteworthy that the decomposition level L and the number of samples N should satisfy the relationship 2L≤N. The decomposed signal consists of the approximation of level l and the details from level 1 to level l. Figure 5 shows the approximate sequence a containing the lower frequency signal and the detailed sequence d∼f containing the higher frequency signal, obtained after the four-layer wavelet decomposition of the road response monitoring signal collected in this paper. It can be seen that after four layers of wavelet decomposition, the high-frequency noise signal is decomposed layer by layer, and the low-frequency effective pavement response signal obtained retains the whole dynamic response characteristics of the pavement generated by the three-axle truck and can proceed to the next step.
[image: Five graphs labeled A to E show strain over time. Each graph displays blue data points with noise, varying in pattern and intensity. Graphs A and B show noticeable dips, while C, D, and E appear more stable. The x-axis represents time in seconds, and the y-axis represents strain in microstrains.]FIGURE 5 | Four-layer wavelet decomposition result. (A) Original monitoring data; (B) approximate sequence a; (C) approximate sequence d; (D) approximate sequence e; (E) approximate sequence f.
The discrete wavelet transformation (DWT) discretizes the scale and translation parameters to the power of 2 and averages the time discretization usually using binary wavelet decomposition and reconstruction, with discretized scale times of 2, 4, 6, 8, and 2n (the sampling rate is required to satisfy Nyquist’s sampling theorem), and is commonly used for the multi-resolution analysis of signals and signal decomposition and reconstruction, with the following equation:
[image: Mathematical equation for the discrete wavelet transform (DWT) is shown: \( DWT_x(a, b) = \langle X(t), \varphi_{a,b}(t) \rangle = 2^{-\frac{a}{2}} \int_{-\infty}^{\infty} X(t) \varphi(2^{-a}t - b) dt \).]
At different scales and times, the scale function vector group and the wavelet function vector group are constructed, respectively, for the scale function vector space V and the wavelet function vector space W. At a certain level, the approximate, low-frequency information of the signal is obtained by the convolution of the signal in the scale space V and the detailed, high-frequency information of the signal is obtained by the convolution of the signal in the wavelet space W.
	① Scale function:

[image: Mathematical equation showing \(\phi_{j,k}(t) = 2^{j/2} \phi(2^j t - k)\), where \(j\) and \(k\) are integers in \(\mathbb{Z}\). Labeled as equation (3).]
	② Wavelet function:

[image: Mathematical equation for the wavelet function \( \varphi_{j,k}(t) = 2^{j/2} \varphi(2^j t - k) \), where \( j, k \) are integers in the set \( \mathbb{Z} \). Labeled as equation 4.]
	③ Threshold:

Common threshold selection methods, currently available, include unbiased risk estimation thresholds (rigrsure), fixed thresholds (sqtwolog), heuristic thresholds (heursure), and very large and very small thresholds (minimaxi). There are two categories of the four methods: one of them is the conservative principle; e.g., the rigrsure criterion and the minimaxi criterion are relatively conservative (only some of the coefficients are set to zero), and therefore, the method is suitable for high-frequency information that contains noise. The second is the non-conservative principle; e.g., the sqtwolog and heursure criteria, particularly the fixed-threshold (sqtwolog) method, which removes more noise, is therefore suitable for low-frequency information (Devi et al., 2022).
The mathematical formula for the generic threshold is
[image: The equation shows \(\lambda = \sigma \sqrt{2 \ln(N)}\), where \(\lambda\) is expressed in terms of \(\sigma\) times the square root of two times the natural logarithm of \(N\).]
where [image: Please upload an image or provide a URL so I can generate the appropriate alt text for it.] represents the threshold of wavelet coefficients, [image: It seems there might have been an issue with uploading the image. Please try uploading the image again or provide a URL or description for the image, and I'd be happy to help you with the alternate text.] represents the standard variance of the noise, N represents the length, and [image: Mathematical formula showing standard deviation estimation: σ equals the median of the absolute values of w sub jk divided by 0.6745.].
The process of discrete wavelet transformation thresholding denoising is shown in Figure 6. The wavelet basis function, threshold, queue function, and the number of decomposition layers are all key factors affecting the final denoising effect in the process of discrete wavelet transformation thresholding denoising.
[image: Flowchart illustrating wavelet-based data processing. Original data undergoes wavelet decomposition using a basis function, threshold functions, and decomposition layers. It splits into low and high frequency signals. High frequency signals pass through threshold processing before wavelet reconstruction. The result is denoised data, evaluated by SNR and MSE metrics.]FIGURE 6 | Process of discrete wavelet transformation thresholding denoising method.
The signal is processed using wavelet decomposition and reconstruction methods, and the wavelet coefficients obtained contain important information about the signal. The effect of wavelet decomposition coefficients on the dynamic response signal of the pavement is shown in Figure 7, which clearly shows the exact location of time discontinuity. The wavelet coefficient of the pavement response monitoring signal is larger after wavelet decomposition, and the wavelet coefficient of the noise is smaller than that of the effective pavement dynamic response signal. An appropriate threshold is selected, and the wavelet decomposition coefficients of each layer are quantified using the threshold function; when the wavelet coefficient is larger than the threshold, the pavement dynamic response signal is considered effective and is retained; if it is smaller than the threshold, it is considered as noise and the wavelet coefficient is set to 0, thus eliminating the noise. The essence of the wavelet decomposition and reconstruction processing method is to suppress the useless noise part of the pavement response monitoring signal and enhance the useful signal part.
[image: Spectrogram showing frequency and time data with varying intensity. Vertical lines indicate changes in frequency intensity, with brighter areas representing higher intensity. Frequency scale on the left ranges from 50 to 800 hertz.]FIGURE 7 | Effect of wavelet decomposition coefficients.
The basic steps are as follows:
	(i) Step 1: Decomposition: Select wavelets with N layers for the wavelet decomposition of the pavement response monitoring signal.
	(ii) Step 2: After wavelet decomposition, select an appropriate threshold and quantify the wavelet decomposition coefficients of each layer using the threshold function.
	(iii) Step 3: Reconstruction: Reconstruct the pavement dynamic response signal using the processed wavelet coefficients.

3.2 Comparative selection of wavelet basis functions and thresholds
3.2.1 Selection of wavelet basis functions
The choice of a wavelet basis function is usually based on the combination of support length, vanishing moments, symmetry, regularity, and similarity. As the support length increases, the amount of computation required is usually greater, and the resulting wavelet coefficients are larger. Long support lengths can cause boundary problems, and short support lengths have small vanishing moments, which are detrimental to the concentration of the signal energy. For the underlying wavelet, not only the permissible conditions must be met, but also the “vanishing moments” must be applied to it to minimize wavelet coefficients or non-zero wavelets, thus facilitating data compression and noise removal. As the vanishing moment increases, subway coefficients become smaller. However, as the vanishing moment increases, the support length increases under normal conditions. Therefore, we need to weigh the support length and vanishing moment.
Wavelet basis functions have their characteristics in signal processing, but each type of function focuses on the denoising effect of different types of information. Daubechies and symlet wavelets are the two families of wavelet bases that are better integrated and adapted to the aforementioned principles.
The Daubechies wavelet is a wavelet function proposed by the wavelet analyst Ingrid Daubechies, often abbreviated as dbN, where N represents the number of orders of the wavelet. The support region in the wavelet function Ψ(t) and the scale function φ(t) is 2N-1, and the vanishing moment of Ψ(t) is N. The dbN wavelet has better regularity; in other words, the smooth error introduced by this wavelet as a sparse basis is not easily detectable, making the signal reconstruction process relatively smooth. The characteristics of the dbN wavelet are as follows: as the order increases (sequence N), the order of the vanishing moment becomes larger, where the higher the vanishing moment, the better the smoothness, the stronger the localization ability in the frequency domain, and the better the division of the frequency band; however, it will make the compact support of the wavelet function weaker, and at the same time, the computational effort increases greatly and the real-time performance becomes worse. The sym wavelet is an improvement to the db wavelet. It has better symmetry and, to some extent, reduces phase distortion when analyzing and reconstructing the signal.
3.2.2 Selection of decomposition layers
The second key step in wavelet decomposition and reconstruction is determining the number of decomposition layers. The number of wavelet decomposition layers is essentially related to the characteristics of the signal itself and the sampling frequency. As the number of decomposition layers increases, more signals are obtained, the difference in noise characteristics and signal performance becomes greater, a more complete signal denoising is carried out, and a more beneficial separation effect is observed. However, the higher the number of decomposition layers, the bigger the distortion in the dynamic response signal of the reconstructed pavement, which may result in the loss of the effective signal, and this will affect the final noise reduction effect. Conversely, a lower number of decomposition layers may lead to incomplete denoising. Therefore, special attention should be paid to the conflict between the two functions in the process of application, and an appropriate decomposition ratio should be selected (Powers, 2022). This paper compares and analyses the decomposition effects of the db and sym functions. By comparing their intuitive graphs, detail differences, and signal-to-noise ratios, it is found that the decomposition method using the sym wavelet algorithm is more in line with the objectives.
After wavelet transformations, we adopt three methods to process the signal: hard-threshold denoising, soft-threshold denoising, and fixed-threshold denoising. By setting the appropriate wavelet bases, thresholds, threshold functions, and decomposition layers for wavelet decomposition, the approximate wavelet coefficients and detailed wavelet coefficients are obtained (Gossler et al., 2022).
To carry out the wavelet threshold denoising method, we introduce two metrics: the signal-to-noise ratio and the root mean square error for evaluation, and the pavement structure mechanical response signals are processed separately using different threshold quantization methods. Figure 8 shows the waveform effect of the fixed-threshold wavelet denoising process with a different number of decomposition layers and different wavelet functions. It can be observed from the figure that as the number of decomposition layers increases, the more obvious the waveform is, and the SNR and RMSE obtained are shown in Table 1. The results show that the difference between hard- and soft-thresholding methods is not significant since the mechanical response of an asphalt pavement structure is a one-dimensional signal; the reconstructed signal has less loss compared to the original signal, and the decomposition and reconstruction methods both yield better results. The signal-to-noise ratio is relatively high and the root mean square error value is small after the sym wavelet fixed-threshold denoising process.
[image: Six scatter plots labeled A to F show the intensity of signals versus time. Plots exhibit data from wild-type and mutant channels (clo5-2, clo5-3, clo5-4, sysd5-2, sysd6-2, sysd5-6) with visible fluctuations in signal intensity. Each plot has unique variations in the distribution and pattern of data points, highlighting differences between the genetic variations over time.]FIGURE 8 | Waveform results of wavelet denoising. (A) db4 wavelet two-layer decomposition; (B) db4 wavelet three-layer decomposition; (C) db4 wavelet four-layer decomposition; (D) sym6 wavelet two-layer decomposition; (E) sym6 wavelet three-layer decomposition; and (F) sym6 wavelet four-layer decomposition.
TABLE 1 | SNRs and RMSEs of wavelet denoising results with different decomposition layers and wavelet functions.
[image: Table comparing signal-to-noise ratio (SNR) and root mean square error (RMSE) for different denoising types using db4 and sym6 wavelets. Hard-, soft-, and fixed-threshold denoising methods are shown across two to four decomposition layers, listing their respective SNR and RMSE values for each wavelet type.]3.3 Results of wavelet decomposition and reconstruction processing
Figure 9 shows the waveform comparison between the output signal and the original pavement response monitoring signal after the selected sym6 wavelet four-layer decomposition and reconstruction. Wavelet decomposition and reconstruction retain the whole characteristics of the strain signal generated by the three-axle vehicle, where the signal first drops from the baseline to the first trough and then rises, while the second and third axle signals, in turn, pass through the sensor, generating a compression strain and a trough. In addition, the difference in signal amplitude between the wavelet decomposition reconstructed signal and the original pavement response monitoring signal is small. It can be seen that in the wavelet decomposition process, different scales have different temporal and frequency resolutions; thus, the signal contained in different frequency intervals can be separated using wavelet decomposition, and therefore, wavelet decomposition and reconstruction have a powerful local feature portrayal capability.
[image: Graph showing strain in microstrains on the vertical axis versus time in seconds on the horizontal axis. The black line represents the original monitoring signal with high variability, while the red line shows the low-pass filtered output signal, which is smoother and indicates a significant dip around 36 seconds.]FIGURE 9 | Comparison of the effect of wavelet decomposition and reconstruction on the dynamic response signal of the pavement.
3.4 Validation of applicability
In order to validate the effectiveness and applicability of the proposed wavelet decomposition and reconstruction method, a comparative analysis was conducted using a signal from the selected literature titled “Signal Detection and Noise Reduction Method of Massage Chair Based on EMD” (Lu and Yu, 2021). The chosen signal, as shown in Figure 10, is characterized by noisy motor detection data in the context of a massage chair. Figure 11 shows the result of signal denoising in the literature.
[image: Line graph showing amplitude variation across one thousand sampling points. The amplitude fluctuates between one hundred and six hundred, displaying cyclical peaks and troughs throughout the sequence.]FIGURE 10 | Signal characterized by noisy motor detection data in the context of a massage chair.
[image: Chart illustrating signal decomposition. The main signal is at the top, followed by six Intrinsic Mode Functions (IMF) labeled emd1 to emd6. Each IMF shows distinct oscillatory patterns extracted from the original signal. Horizontal axes represent sample points from zero to one thousand.]FIGURE 11 | Noise reduction results of the massage chair signal.
The chosen signal was processed using the sym8 wavelet with a decomposition level of 4, consistent with the methodology described in this literature. The wavelet decomposition results were obtained and compared with the denoising results presented in this paper. The obtained results demonstrated a high degree of similarity with the literature, providing evidence for the applicability of our proposed method. Figure 10 illustrates the wavelet decomposition results, showcasing the effectiveness of the sym8 wavelet in reducing noise and preserving useful signal components. These findings validate the suitability of the proposed wavelet transformation approach for processing dynamic monitoring data in pavement applications.
Figure 12 presents the wavelet decomposition and reconstruction results for the selected signal. The comparative analysis was performed based on evaluating the signal-to-noise ratio and the preservation of useful signal characteristics.
[image: Five line graphs labeled A to E, each displaying different wave patterns. Graph A shows irregular waves with some noise. Graph B depicts smooth, regular sine waves. Graph C presents erratic wave fluctuations. Graph D has a tightly packed, consistent wave pattern with noise. Graph E displays dense, highly variable waves throughout. All graphs share a horizontal axis labeled with increasing numbers.]FIGURE 12 | Four-layer wavelet decomposition result. (A) Original monitoring data; (B) approximate sequence a; (C) approximate sequence d; (D) approximate sequence e; and (E) approximate sequence f.
This comparative analysis serves as compelling evidence supporting the applicability and effectiveness of the proposed wavelet decomposition and reconstruction method for noise reduction in motor detection signals of massage chairs.
The findings highlight the advantages of using the sym8 wavelet with a decomposition level of 4 for handling noisy motor detection data. This approach exhibits good localization properties in both the time and frequency domains, enabling the extraction of essential characteristics from the dynamic response signals of the motor of the massage chair. The proposed method provides a suitable approach for processing massive motor detection data, which is vital for the effective maintenance and quality control of massage chairs.
4 CONCLUSION
In this paper, the pavement dynamic response signal is reconstructed via wavelet decomposition, and its working principle and noise reduction process are analyzed in detail. Wavelet transformation is characterized by multiple analyses and is able to analyze local features in both time and frequency domains.
	This paper’s results demonstrate the effectiveness of wavelet decomposition and reconstruction techniques in processing pavement dynamic response signals. Consequently, the signal-to-noise ratio of the signal was significantly improved. Noise reduction was successfully achieved by applying these methods, and the signal-to-noise ratio of the signal was significantly improved to obtain a clearer dynamic response signal of the pavement structure. By comparing different wavelet functions, it was found that the sym wavelet method produced good results in terms of signal-to-noise ratio and root mean square error. The wavelet decomposition and reconstruction algorithm is appropriate for the preprocessing of the dynamic response signal between different layers of the pavement.
	The selection of the wavelet basis function, decomposition layer, and threshold processing method has a great influence on the denoising results. The difference between hard and soft thresholding is not obvious for wavelet decomposition and reconstruction methods, since the mechanical response of an asphalt pavement structure is a one-dimensional signal. The sym wavelet fixed-threshold denoising results indicated a relatively high signal-to-noise ratio and a small root mean square error.
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Rutting is one of the common distresses observed in asphalt pavement, influenced by temperature and load conditions. To clarify the permanent deformation behavior of steel-concrete composite beam (SCCB) bridge deck pavement under temperature-load coupling effect and provide references for the distress cause analysis, five typical SCCB bridge deck pavements were selected. The temperature distribution and the temperature stress of the pavement structures were analyzed by numerical simulation under periodic temperature variations. In addition, considering the daily variation in traffic volume, the permanent deformation of the five pavement structures were calculated under temperature-load coupling effect. Finally, the influence of heavy load on the development of rutting distress was also investigated. The results show that the temperature field and temperature stresses within the SCCB bridge deck pavement exhibit periodic variations under periodic temperature variations. Additionally, after 500,000 times of standard axle load application, “EA + SMA” exhibits the smallest permanent deformation and the best resistance to rutting distress under temperature-load coupling effect. Finally, heavy load conditions have a great influence on the permanent deformation of SCCB bridge deck pavement. In areas with severe rutting distresses, it is recommended to use “EA + SMA” pavement structure in SCCB bridge.
Keywords: steel-concrete composite beam bridge, asphalt pavement, temperature-load coupling, mechanical response, permanent deformation

1 INTRODUCTION
Steel-concrete composite beam (SCCB) bridges, with advantages such as lightweight, large span, low cost, and rapid construction, have been widely used in China. The SCCB bridge is composed of steel box girders and reinforced concrete slabs. As an important component of the bridge traffic system, the SCCB bridge deck pavement can greatly mitigate the impact of vehicle dynamic loads on the bridge deck, protecting the bridge deck and dispersing wheel loads. It also meets the requirements of stable and comfortable driving.
With the continuous increase in traffic volume, heavy vehicles, and the impact of external natural factors such as climate, pavement distresses begin to occur. In summer, the surface temperature of the asphalt pavement layer is usually 20°C∼30°C higher than the air temperature (Mallick et al., 2009), which leads to rutting distress under such high-temperature conditions. Rutting distress is essentially the permanent deformation of the pavement layer caused by repeated vehicle loads. When the shear stress generated by the vehicle load exceeds the shear strength of the asphalt mixture, continuous flow deformation accumulates, resulting in flow rutting (Liu et al., 2021). The resistance of asphalt mixture to shear deformation is insufficient, leading to particularly pronounced rutting under high temperatures and heavy loads (Chen et al., 2021). It will not only damage the durability of the bridge deck pavement structure but also significantly affect driving safety and comfort. Therefore, it is critical to clarify the distress causes and the applicability of various pavement structures under complex environmental conditions to mitigate distresses and extend the service life of bridge deck pavement.
To control rutting distress, it is necessary to analyze the mechanical behavior of the bridge deck pavement. Unlike the design stage, the maintenance stage requires consideration of the coupling effects of multiple factors to determine the true causes of the distress. Many researchers have conducted systematic research on the temperature-load coupling effect of asphalt pavement, but they have mainly focused on ordinary asphalt pavements or steel bridge deck pavements. Huang et al. (2009) analyzed the variation of rutting under the vehicle dynamic loads based on a asphalt pavement structure model that considers temperature field changes. Swarna et al. (2018) analyzed the vertical deformation under the coupling effect of temperature and vehicle load, providing a theoretical basis for pavement design. Jiang et al. (2018) conducted repeated loading tests to simulate actual traffic loads and established the load-temperature master curve for asphalt mixture. They studied the effects of temperature and confining pressure on the permanent strain of the asphalt mixture. Zhang (2019) analyzed the mechanical response of steel bridge deck pavement under the combined effect of temperature and dynamic load under the most unfavorable load position. In addition, some scholars have analyzed the influence of the non-uniform temperature field of orthotropic steel bridge deck during the paving process on the pavement layer (Liu et al., 2016; Liu et al., 2019; Fan et al., 2021). However, there are few research on the temperature-load coupling effect in the SCCB bridge deck pavement.
Due to the influence of the supporting structure and bridge deck type, the mechanical response of the pavement layer of SCCB bridges is different from that of steel bridges, concrete bridges, and ordinary asphalt pavements. For SCCB bridges, the difference in stiffness between steel and concrete leads to a more complex stress distribution under vehicle loads. At the same time, steel and concrete belong to different thermal conductive materials, and they exhibit different deformations under the influence of solar radiation and sudden changes in external temperature. All these factors contribute to a more complex mechanical response of SCCB bridge deck pavement under the coupling effect of temperature and load. In recent years, many researchers have evaluated the mechanical response of SCCB bridge, mainly including the flexural behavior (Cheng et al., 2021; He et al., 2021), shear behavior (Kong et al., 2021), and temperature gradient effect of SCCB (Wang et al., 2021), or analyzed the properties of the concrete layer in SCCB (Zhang et al., 2021). However, existing research has relatively little consideration for the mechanical response of SCCB bridge deck pavement.
Therefore, to clarify the permanent deformation behavior of SCCB bridge deck pavement under temperature-load coupling effect and provide references for the distress cause analysis, the whole bridge analysis was firstly conducted to identify the most unfavorable beam segment based on a SCCB bridge located in Yunnan Province, China. Additionally, the most unfavorable conditions of annual temperature difference were selected, and the temperature field model for the SCCB bridge deck pavement was established. Besides, considering the influence of temperature effects, a comparative analysis was conducted on five typical pavement structures to analyze the temperature stress in the bridge deck pavement under periodic temperature variations. Finally, based on the pavement temperature field and the daily variation pattern of traffic volume, the influence of temperature-load coupling on the development of permanent deformation in SCCB bridge deck pavement was examined.
2 MECHANICAL ANALYSIS OF WHOLE BRIDGE
2.1 Whole bridge model
The whole suspension bridge model was established to analyze the most unfavorable beam segment by using Midas software. The bridge is a single-span cable-stayed suspension bridge with a single tower, and the approach bridge consists of 2 m × (3 × 41.5) m of pre-stressed concrete continuous box girder bridges. The total length of the entire bridge is 1,020 m. The main bridge is a steel truss suspension bridge, and the steel truss is composed of the main truss, main cross truss, and upper and lower chord members. The main truss has a height of 6 m, a width of 27 m, and a standard segment length of 11.5 m.
In the modeling process, the stiffening girder and main tower were simulated using beam elements, while the main cables and suspenders were simulated using tension-only elements. The segment length of the main beam is 11.5 m, the segment length of approach bridge is 41.5 m, and the height of the main tower is set at 93.5 m. The whole bridge model is shown in Figure 1, and the material parameters are listed in Table 1. In the whole bridge analysis, the vehicle load was taken from the “General Specifications for Design of Highway Bridges and Culverts (JTG D60-2015)” (MOT, 2015), specifically the vehicle load for Highway Class-I. The loading method is applied as the influence line loading.
[image: Illustration of a suspension bridge with a curved main cable and vertical suspenders connecting it to the deck. The design shows a uniform distribution of vertical lines along the span of the bridge.]FIGURE 1 | The whole bridge model.
TABLE 1 | The component materials and their section feature value.
[image: Table listing structural components with their properties: Main cable, Hanger, Main beam, and Cable tower. Columns detail cross-sectional area (A), torsional moment inertia (Jd), moments of inertia for bending (Iy, Iz), elastic modulus (E), and density (ρ). The main cable and hanger have zero torsional and bending inertias. The main beam has non-zero values, while the cable tower shows significant inertia and varying density. Properties are measured in square meters, meters to the fourth, megapascals, and kilograms per cubic meter, respectively.]2.2 Mechanical response and analysis
The vertical bending moment envelope diagram of the whole bridge is shown in Figure 2. The maximum vertical bending moment was 5.6 × 105 kN·m, located near the mid-span of the main span, while the minimum vertical bending moment was −6.5 × 105 kN·m, located on the right side of the main girder. It can be determined that the most unfavorable beam segment was located near the mid-span of the main span and on the right side of the main girder. Therefore, the right side of the main girder was selected as the most unfavorable beam segment for the analysis of temperature stress and temperature-load coupling.
[image: Illustration of a suspension bridge with a color-coded stress distribution. The bridge cables are shown in yellow, with the structure beneath displaying a gradient from blue to red, indicating varying stress levels.]FIGURE 2 | Vertical bending moment envelope of whole bridge.
3 TEMPERATURE EFFECT ANALYSIS
3.1 Temperature condition
A periodic temperature curve was fitted by annual temperature in a specific region in Yunnan Province in China. The average lowest temperature during the cold season was chosen as the simulated lowest temperature, and the average highest temperature during the hot season was chosen as the simulated highest temperature, which were fitted as a temperature cycle in a day, as displayed in Figure 3.
[image: Line graph showing temperature fluctuations over 24 hours. The temperature rises from below zero to a peak of about 25°C at midday, then declines back below zero by midnight. Time in hours and temperature in degrees Celsius are labeled on the axes.]FIGURE 3 | Variation curve of external temperature in 1 day.
3.2 Local beam segment model
The local beam segment model was established using solid elements in ABAQUS finite element software, the pavement layer and bridge deck were discretized using solid linear reduced integral elements C3D8R. In the meshing model, the denser mesh was partitioned for the bridge deck pavement and load position, with an element size of 5 mm, while the element size of other components was set as 10 mm. The bridge deck was made of C60 reinforced concrete with a thickness of 16 cm. Both the top and bottom layers were 4 cm thick asphalt concrete, as shown in Figure 4. Five commonly used bridge deck pavement structures were chosen to analyze the temperature distribution under periodic temperature change conditions, including “double-layer asphalt concrete (AC),” “double-layer stone mastic asphalt (SMA),” “AC + SMA,” “gussasphalt concrete (GA)+SMA,” and “epoxy asphalt (EA)+SMA.” The thermal parameters of pavement materials are listed in Table 2, and the thermodynamic constants of temperature field analysis are shown in Table 3.
[image: Computer-generated model of a corrugated sheet structure with a turquoise grid pattern. The image includes an axis indicator at the bottom left, showing orientation in a three-dimensional space.]FIGURE 4 | Local beam segment model.
TABLE 2 | Thermal parameters of pavement materials (Jiang, 2021).
[image: A table compares various materials: AC, SMA, EA, GA, and Concrete. It lists thermal conductance, density, and thermal capacity in respective units. AC has 5400 J/m·h·°C conductance and 2400 kg/m³ density. SMA shows 6573 J/m·h·°C conductance and 2400 kg/m³ density. EA records 5551 J/m·h·°C conductance and 2400 kg/m³ density. GA has 4680 J/m·h·°C conductance with 2300 kg/m³ density. Concrete features 6264 J/m·h·°C conductance and 2500 kg/m³ density. Additionally, SMA has 1168 J/kg·°C thermal capacity, and Concrete has 970 J/kg·°C. Absorption factors and surface emissivity are listed: SMA shows 0.90, whereas GA and Concrete are both at 0.81.]TABLE 3 | Thermodynamic constants of temperature field analysis (Jiang, 2021).
[image: Table showing scientific constants and measurements. The Stefan-Boltzmann constant is 2.04 × 10⁻⁴ J/h∙m²∙K⁴. Absolute zero is −273°C. Daily-mean wind speed is 3.5 m/s, and daily-mean sunshine duration is 8.2 hours.]3.3 Temperature field analysis
The bridge deck pavement is fully attached to the concrete bridge deck and is subjected to both vehicle loads and the influence of external cyclic temperature variations. Due to the large temperature difference within a day in the region where the bridge is located, the bridge deck pavement exhibits complex stress characteristics. Therefore, the following basic assumptions were introduced when establishing the model:
	(1) Each layer of the bridge deck pavement is uniform, continuous and isotropic.
	(2) The interfacial contact condition between layers are completely continuous. In this case, the bonding layer was not specially treated, and its thickness was included in the asphalt concrete paving layer.

In order to facilitate calculations in temperature field analysis, the following assumptions were made in this study:
(1) The temperature and heat flow between the layers were assumed to be continuous.
	(2) The heat was transferred one-dimensionally, downwards along with the traffic driving direction.
	(3) Except for the given thermo-physical parameters, the other parameters were assumed to be constant.
	(4) The temperature field of the bridge deck pavement structure varies cyclically on a daily basis.
	(5) After several temperature cycles, the temperature field of the bridge deck pavement structure tended to change steadily and periodically.

The temperature of the bridge deck pavement structure versus time is displayed in Figure 5.
[image: Line graphs labeled A to E show temperature changes over 24 hours for different layers: upper, interlayer, bottom, and air. Each graph displays similar patterns, with peaks and troughs indicating fluctuations. Upper layer lines are blue, interlayer red, bottom layer green, and air purple. The y-axis represents temperature in degrees Celsius, while the x-axis shows time in hours. Peaks occur mid-day, with temperatures highest in the upper layer, decreasing through the interlayer, bottom layer, and air.]FIGURE 5 | Temperature-time distribution of different pavement structures: (A) double-layer AC, (B) double-layer SMA, (C) AC + SMA, (D) GA + SMA, and (E) EA + SMA.
It can be observed that the temperature field variations of different pavement structures are generally consistent. Under the influence of periodic temperature variations in the external environment, the temperature of the bridge deck pavement also exhibited periodic changes, following the periodic temperature field variations in the external environment. And the temperature changed significantly, especially on the surface of the pavement. The “double-layer AC” exhibited the highest pavement surface temperature, reaching 42.16°C, while the “double-layer SMA” had a relatively lower maximum temperature of 39.40°C. The lowest pavement surface temperature followed the same pattern as the highest temperature. The “double-layer AC” had the lowest surface temperature, reaching −4.07°C, while the “double-layer SMA” had the highest minimum surface temperature, which is −3.10°C. The temperature difference on pavement surface of five pavement structures was around 45°C.
3.4 Temperature stress analysis
3.4.1 Assumptions and parameters
The thermoelastic layered system theory was adopted in this article. For the purpose of facilitating the analysis and calculations in temperature stress, the following basic assumptions were made in this article:
	(1) Each structural layer satisfies the small deformation condition, ensuring the continuity of displacements between layers. Furthermore, there is no relative displacement between the bridge deck and the steel girder.
	(2) The Poisson’s ratio of each structural layer remains constant, unaffected by temperature variations or load time. The shrinkage and expansion of the concrete bridge deck are not taken into account.
	(3) In order to analyze the temperature stress in the bridge deck pavement under periodic temperature variations, unless otherwise specified, the analysis is conducted with reference to time t = 0. It is assumed that at t = 0, the temperature stress in the pavement is zero.

The material parameters are shown in Table 4.
TABLE 4 | Mechanical parameters and linear expansion coefficient of asphalt mixture (Ma et al., 2021).
[image: Table showing the properties of four materials (AC, SMA, EA, GA) at various temperatures. Each material's elastic modulus is given in megapascals at temperatures from -10 to 40 degrees Celsius. Poisson's ratio for AC and SMA is 0.35, and for EA and GA is 0.2. Linear expansion coefficients are \(2.5 \times 10^{-5}\) for AC, \(3.0 \times 10^{-5}\) for SMA, \(1.74 \times 10^{-5}\) for EA, and \(2.04 \times 10^{-5}\) for GA.]3.4.2 Contact and boundary conditions
According to reference (Wang et al., 2009), it is stated that when the contact condition between pavement layers is completely smooth, the temperature stress in the pavement is minimal. Conversely, when the contact condition between pavement layers is completely continuous, the temperature stress in the pavement is maximized. Therefore, this study defined the contact relationship between asphalt pavement layers and between asphalt pavement layer and concrete bridge deck as fully bonded.
During the temperature stress analysis, it is necessary to utilize the boundary conditions of the most unfavorable beam segment obtained from the whole bridge analysis, as discussed in Section 2.2. The vertical bending moments obtained from the most unfavorable beam segment were applied as boundary conditions in the local beam segment model. The schematic diagram of the moment loading on the local beam segment is shown in Figure 6. Simultaneously, the horizontal displacement of the bridge deck pavement was constrained. Since the bridge deck are assembled on the steel girder, it was assumed that no relative displacement occurs between them. Therefore, the bottom surface of the bridge deck was defined as fully fixed.
[image: Illustration of a three-dimensional finite element model for analyzing a slab system. The model includes multiple beams beneath the slab, with support points indicated along the beams. Arrows labeled "M" suggest the direction of moments on the slab.]FIGURE 6 | The bending moment of the most unfavorable beam segment.
3.4.3 Temperature stress
When studying the daily variation pattern of temperature stress in the bridge deck pavement, the temperature fields of the pavement layer at different temporal points, obtained in the previous analysis, were imported into the finite element model as predefined fields. It was assumed that the initial temperature stress in the pavement at t = 0 was zero. The temperature stress results are presented in Figure 7.
[image: Five line graphs (A-E) showing temperature changes over time in different road layers. Each graph displays data for the top of pavement, bottom of upper layer, top of subplate, top of bottom layer, and bottom of pavement layers. The patterns show variations in temperature across these layers at different times, capturing both rising and falling trends.]FIGURE 7 | Temperature stress-time distribution of different pavement structures: (A) double-layer AC, (B) double-layer SMA, (C) AC + SMA, (D) GA + SMA, and (E) EA + SMA.
It can be seen from the figure that for the pavement surface, the maximum tensile stress occurs at 5:30, when the pavement surface temperature is the lowest. Apart from the “double-layer AC” with a maximum tensile stress of 0.76 MPa, the maximum tensile stresses on the surfaces of the other four pavement structures are around 0.85 MPa. The “double-layer AC” exhibits the maximum compressive stress on its surface at 17:00, with a value of 0.39 MPa. On the other hand, the other four pavement structures have maximum compressive stresses around 0.87 MPa on their surface, occurring at 14:00. Based on this, it can be preliminarily inferred that the extreme values of temperature stress on the pavement surface are related to the upper layer material of the pavement. When the upper layer material is SMA, the extreme values of temperature stress on the pavement surface in the four pavement structures (“double-layer SMA,” “AC + SMA,” “GA + SMA,” and “EA + SMA”) occur at approximately the same time. This is because the upper layer of the pavement is directly influenced by solar radiation, and its temperature variation is more consistent with the external air temperature changes. Due to the fact that temperature stress is generated as a result of temperature variations within the pavement, the temperature stress variation pattern on the pavement surface is also consistent with the changes in external air temperature.
For the bottom of the upper layer, the maximum tensile stress all occurs at 6:00. The maximum tensile stress between the upper-lower layers of “double-layer AC” is 0.86 MPa, while that of the other four pavement structures are around 0.98 MPa. The maximum compressive stresses occur around 15:00. Except for “double-layer AC” which has a value of 0.35 MPa, the maximum compressive stresses of other pavement structures are around 0.77 MPa.
For the bottom of the pavement, the maximum tensile stress of all five pavement structures occurs at 6:30. Except for “GA + SMA,” which has the maximum compressive stress at 13:00, the other four pavement structures have the maximum compressive stress at 16:00 on the bottom of the pavement. The maximum tensile stress at the bottom of the pavement in “double-layer AC,” “AC + SMA,” and “GA + SMA” is around 0.6 MPa, which has a big difference with that of “double-layer SMA” and “EA + SMA.” This is because the elastic modulus of AC and GA is small at high temperature, and the temperature stress generated is relatively small under the condition of the same temperature. Except for “GA + SMA,” where the maximum compressive stress occurs at 13:00, the maximum compressive stress at the bottom of the other four pavement structures occurs at 16:00. At the same time, “GA + SMA” has the lowest maximum compressive stress at the bottom, which is 0.12 MPa, while “double-layer SMA” has the highest maximum compressive stress at the bottom, which is 0.59 MPa.
In summary, the temperature stress in the bridge deck pavement is primarily tensile stress at night and compressive stress during the day. From 0:00 to 6:00, as the ambient temperature gradually decreases, the asphalt concrete shrinks when it gets colder, causing the tensile stress to continuously increase. From 6:00 to 14:00, especially between 6:00 and 10:30, the temperature of the bridge deck pavement rapidly increases under the influence of solar radiation. The asphalt concrete heats up and undergoes thermal expansion deformation, causing the internal temperature stress to shift from a state of tension to compression.
4 THE PERMANENT DEFORMATION OF PAVEMENT UNDER TEMPERATURE-LOAD COUPLING
4.1 Load condition
4.1.1 Load form
According to the “General Specifications for Design of Highway Bridges and Culverts” (JTG D60-2015), the single side of a dual-wheel rear axle with a vehicle load of 140 kN for Highway Class-I was taken, the load distribution was double-wheel rectangular uniform load. The rectangle load size was 0.25 m × 0.20 m, the distance between two vehicle tire centers was 0.30 m, and the tire contact pressure was 0.7 MPa, as shown in Figure 8.
[image: Diagram showing two shaded squares beside each other. The left square is labeled with a width and height of twenty-five units. The distance between the squares is thirty units, and the squares themselves have a width of twenty units each.]FIGURE 8 | Diagram of double-wheel rectangular uniform load.
4.1.2 Cumulative load time
The method of cumulative load time was employed in this study to transform the dynamic load into static load for the purpose of analyzing permanent deformation (Faruk et al., 2016). The load times are converted into cumulative load time according to Eq. 1.
[image: Equation showing t equals 0.36 times N times P, divided by n sub w times β times B times v, followed by (1).]
Where, t is the action time of wheel load; N is the load application times; P is the axle load of the vehicle; [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.] is the number of wheels of the shaft; p is tire grounding pressure; B is the tire grounding width; and V is the vehicle driving speed, km/h.
According to Eq. 1, it can be determined that when the vehicle speed is 80 km/h, the one action time of axle load is 0.00804 s, and the cumulative load time for 500,000 axle loads is 4,020 s.
4.1.3 Daily distribution of traffic volume
Based on the daily distribution of traffic volume and the cumulative load time mentioned above, it is possible to approximate the segmented cumulative time of load effects for each hour within a day by considering the distribution of traffic volume during different time periods, as shown in Table 5.
TABLE 5 | Cumulative load time in different periods of a day.
[image: Table showing load times in seconds for different times of day. Times from midnight to 8:00 AM have lower load times, increasing significantly from 8:00 AM to 4:00 PM, peaking at 346.65 seconds. Load times decrease gradually from 4:00 PM to 12:00 AM.]4.2 Material parameters
The creep parameters of asphalt mixture are presented in Table 6. Due to the excellent high-temperature performance of epoxy asphalt mixture, the rutting distress is rarely occurred. Additionally, considering the temperature conditions in this study, the internal temperature of the epoxy asphalt may not exceed 30°C. Therefore, it is assumed that the creep effect of the epoxy asphalt mixture is negligible.
TABLE 6 | Creep parameters of asphalt mixture (Wang, 2012; Ma et al., 2021).
[image: Table showing creep parameters A, m, n for three asphalt mixtures: AC, SMA, and GA at temperatures 20°C, 30°C, and 40°C. AC values: A ranges from 4.58×10⁻¹¹ to 3.67×10⁻⁰⁸, m from 0.944 to 0.773, n from -0.596 to -0.570. SMA values: A ranges from 6.54×10⁻¹¹ to 1.45×10⁻⁰⁸, m from 0.937 to 0.792, n from -0.592 to -0.577. GA values: A ranges from 7.45×10⁻¹³ to 1.88×10⁻¹², m from 1.352 to 1.34, n from -0.646 to -0.629. Note indicates A, m, n relate to temperature and stress.]4.3 Permanent deformation analysis
4.3.1 Model verification
To verify the rationality of the model, the rutting depth, which is highly sensitive to temperature and load, was chosen as the index in this section. A two-way four-lane SCCB suspension bridge was evaluated in this section which was comprised of 35 mm AC in the lower layer and 35 mm SMA in the upper layer. The rutting depth of two upstream lanes, Lane 1 and Lane 2, were detected after the bridge had been used for 15 months, as presented in Figure 9. The findings are displayed in Figure 10.
[image: A truck with colorful decorations crosses a bridge under a clear blue sky, with mountains in the background. Another view shows the bridge's empty road and white railings.]FIGURE 9 | Rutting depth detection on the bridge deck pavement.
[image: Line graph showing rutting depth over time for lanes one and two. Solid lines represent actual rutting, while dashed lines indicate mean values. Both lanes show fluctuations, with lane one having greater peaks. Vertical axis represents rutting depth in millimeters, and horizontal axis measures time.]FIGURE 10 | The detecting results of rutting depth on the bridge deck pavement.
The rutting depth under 500,000 axle loads was calculated to be about 2.75 mm. Compared with the measured average rutting depth of Lane 1 (2.86 mm) and Lane 2 (2.80 mm), the absolute error was only 3.85% and 1.79%, respectively. Evidently, the validation of the model was verified and demonstrated by the marginal error of less than 5%.
4.3.2 Pavement structures condition
The creep strain cloud diagram and the permanent deformation at wheel track of the five bridge deck pavement structures under a ground contact pressure of 0.7 MPa are displayed in Figure 11. The horizontal axis 0 represents the position of the load center.
[image: Five paired images labeled A to E show graphical data and corresponding line charts. Each pair features a colored rectangular visualization with a legend on the left, indicating a range of values. To the right, line charts with different colored lines represent total displacement, lateral displacement, and uplift displacement along the same x-axis scale, marked in meters. The charts illustrate varying peak and trough patterns that align with the respective visualizations, indicating different displacement behaviors across the series.]FIGURE 11 | Creep strain and permanent deformation at wheel track of different pavement structures: (A) double-layer AC, (B) double-layer SMA, (C) AC + SMA, (D) GA + SMA, and (E) EA + SMA.
It can be obtained from the figure that “double-layer AC” exhibits relatively significant permanent deformation, with the deformation primarily occurring in the upper layer. Compared to “double-layer AC,” “double-layer SMA” exhibits relatively smaller subsidence deformation and heave deformation, indicating better resistance to rutting distress. The deformation results obtained from “AC + SMA” and “double-layer SMA” exhibit similar variations, which mainly occurs at upper SMA layer. The permanent deformation of “GA + SMA” is different from the above three pavement structures. The heave deformation of the upper layer primarily occurs at the center of the wheel track. Compared to “double-layer SMA,” the heave deformation gradually increases from the center of the wheel track towards the sides, but the increment is relatively small, exhibiting a concave-shaped distribution. Besides, the permanent deformation of the lower layer is mainly subsidence deformation at the wheel track, with minimal occurrence of heave deformation. In addition, the deformation is reduced by approximately 30% compared to “double-layer SMA.” The permanent deformation of “EA + SMA” is the smallest among the five pavement structures, which is attributed to the rutting resistance performance of epoxy asphalt concrete.
4.3.3 Periodic temperature change condition
In this section, the load time is divided into 24 analysis steps, with each step representing 1 h of a day. The objective is to analyze the variation patterns of permanent deformation in the SCCB bridge deck pavement for each hour of a day. Taking “double-layer SMA” as an example, the permanent deformation at wheel track versus time is shown in Figure 12. It can be observed that, except for the initial load stage from 0:00 to 1:00, the heave deformation between the wheel track is concentrated during the high-temperature period from 10:00 to 18:00. During this time, there is a higher frequency of vehicle load, and the effects of solar radiation are evident. Therefore, the period from 10:00 to 18:00 is the main period during which heave deformation occurs in the pavement layer, accounting for approximately 90% of the total deformation. The heave deformation in the remaining periods is relatively small, and the deformation curve exhibits a roughly inclined “S” shape distribution. The maximum value of subsidence deformation in SCCB bridge deck pavement is slightly smaller than that of heave deformation. In addition to the initial load stage from 0:00 to 1:00, the bridge deck pavement experiences a slight rebound in subsidence deformation during the time periods of 1:00 to 5:00 and 19:00 to 23:00. However, the magnitude of the rebound is relatively small. This is because these time periods correspond to the cooling phase, during which asphalt concrete exhibits shrinkage rebound due to its viscoelastic behavior. The period from 10:00 to 16:00, which corresponds to the heating phase, is the main stage for subsidence deformation in the pavement, accounting for approximately 70% of the total deformation. Additionally, the maximum subsidence deformation occurs during the 12:00 to 13:00 period. In conclusion, whether it is heave deformation or subsidence deformation, the maximum deformation occurs during high-temperature periods. This is because asphalt mixtures have poor stability in high-temperature conditions and are prone to shear deformation. Additionally, traffic volume is mainly distributed during high-temperature periods. Under the combined influence of these factors, significant permanent deformation occurs.
[image: Graph A shows Cell Residence and Viability on the left y-axis, along with Temperature on the right y-axis, over Time. Blue triangles represent Cell Residence, green crosses indicate Temperature, and red bars show Viability. Graph B displays Turbidity with blue triangles, Surface Attenuance with green crosses, and Temperature with red bars over Time. Both graphs highlight changes in these parameters over a period of 32 days.]FIGURE 12 | Permanent deformation at wheel track versus time of double-layer SMA: (A) heave deformation, and (B) subsidence deformation.
4.3.4 Heavy load condition
Due to the fact that SCCB bridges are often located in traffic throat and suffered severe heavy load condition, it is necessary to investigate the permanent deformation of bridge deck pavement under heavy load conditions in order to ensure their long-term use. Two different ground contact pressures, 0.9 and 1.1 MPa (Wang, 2014), were selected for analysis, and the results were compared with the results of 0.7 MPa mentioned above. This section will focus only on the comparison between “double-layer SMA” and “EA + SMA.” Additionally, variations in ground contact pressure due to different load levels and changes in load application shape will not be considered. The load conditions under different ground contact pressure are shown in Table 7.
TABLE 7 | Load conditions under different ground contact pressure.
[image: Table showing ground contact pressure, load time, and cumulative load time. For 0.7 MPa: 0.00804 s and 4020 s; for 0.9 MPa: 0.00625 s and 3125 s; for 1.1 MPa: 0.00512 s and 2560 s.]The permanent deformation of SCCB bridge deck pavement after 500,000 load applications under different ground contact pressure is shown in Figure 13. The permanent deformation of the pavement increases with the increase of ground contact pressure. And the permanent deformation at wheel track follows a similar lateral distribution pattern as under non-heavy load conditions. For “double-layer SMA,” when the ground contact pressure is 0.9 MPa, the heave deformation increases by 11.86% and the subsidence deformation increases by 15.12% compared to the results of 0.7 MPa. Besides, when the ground contact pressure is 1.1 MPa, the heave deformation increases by 19.62% and the subsidence deformation increases by 25.00%. For “EA + SMA,” when the ground contact pressure is 0.9 MPa, the heave deformation increases by 11.56% and the subsidence deformation increases by 15.71%; when the ground contact pressure is 1.1 MPa, the heave deformation increases by 19.20% and the subsidence deformation increases by 26.00%. As the ground contact pressure increases, the increment in permanent deformation becomes relatively smaller. This is because the development of rutting distress forms a compacted and squeezed structure between the aggregates in the asphalt mixture, which hinders further rutting formation.
[image: Graphs A and B compare lateral deformation versus lateral distance for three loads: 0.3, 0.9, and 1.5 kilonewtons. Graph A shows a larger deformation pattern than graph B. Both graphs use x-axes for lateral distance from the wheel track and y-axes for normalized displacement. Arrows indicate load positioning points along the x-axis.]FIGURE 13 | Permanent deformation under different ground contact pressure: (A) double-layer SMA, and (B) EA + SMA.
5 SUMMARY AND CONCLUSION

	(1) The temperature field of the SCCB bridge deck pavement exhibits significant periodic variations with the changes in external temperature, with the temperature of the pavement surface showing the largest fluctuations. Under the temperature conditions simulated in this study, the temperature range of the pavement structure is between −5°C and 45°C, and the temperature field differences among the five pavement structures are relatively small.
	(2) Under the periodic temperature variation conditions considered in this study, the temperature stress in SCCB bridge deck pavement exhibits periodic variations. The temperature stress is primarily tensile stress during the low-temperature periods, while it is compressive stress during the high-temperature periods.
	(3) After 500,000 times of standard axle load, the permanent deformation of “double-layer AC” and “double-layer SMA” are similar, which is around 0.30 mm, and the permanent deformation of “AC + SMA” and “GA + SMA” are around 0.22 mm. The permanent deformation of “EA + SMA” is the smallest, which is 0.17 mm, indicating that “EA + SMA” has the best rutting resistance. Therefore, in areas with severe rutting distresses, it is recommended to use “EA + SMA” pavement structure in SCCB bridge.
	(4) The permanent deformation of the SCCB bridge deck pavement increases rapidly during high-temperature periods, while it remains relatively small during low-temperature periods, influenced by the external temperature and traffic volume distribution. The daily deformation curve exhibits a roughly inclined “S” shape distribution.
	(5) Heavy load conditions have a great influence on the permanent deformation of SCCB bridge deck pavement. Under the same temperature conditions and cumulative load time, the permanent deformation increases with the increase of ground contact pressure. Moreover, the lateral distribution pattern of permanent deformation at the wheel track remains relatively consistent. Thus, efforts should be made to avoid overload and heavy load conditions as much as possible.
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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. Conducting molecular dynamics simulations of warm mix 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: warm mix 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 and Road” 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 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 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-mixed modified asphalt from process 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 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.
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.
TABLE 1 | Technical indicators of the base asphalt binder.
[image: A table comparing K90 and T90 test data against technical requirements for various indicators. For penetration, K90 is 96.9 and T90 is 92.2, with a requirement of 80-100. The penetration index is -0.3692 for K90 and 0.5079 for T90, with a requirement of -1.5 to 1.0. The softening point is 53.6°C for K90 and 67.5°C for T90, requiring at least 45°C. Ductility at 10°C is 123.1 cm for K90 and over 150 cm for T90, requiring at least 20 cm. At 15°C, K90 is 131.7 cm and T90 is over 150 cm, needing at least 100 cm. Density is 0.981 g/cm³ for K90 and 1.024 g/cm³ for T90. After TFOT, mass loss is -0.181% for K90 and -0.359% for T90, with a requirement of ±0.8. Residual penetration ratio is 57.0% for K90 and 64.3% for T90, requiring at least 57%. Residual ductility at 10°C is 27.5 cm for K90 and over 150 cm for T90, requiring at least 8 cm. At 15°C, K90 is 65.9 cm and T90 is over 150 cm, requiring at least 20 cm.]2.1.2 Warm-mix additives
In this study, two typical WMA additives, namely the wax-based WMA additive Sasobit and the surfactant WMA 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.
[image: Two panels compare Sasobit and Evotherm. The left panel shows white Sasobit pellets on a dark surface. The right panel displays a transparent liquid spot labeled as Evotherm.]FIGURE 1 | Asphalt warm mix additives.
2.1.3 Warm mix asphalt binders
Considering the disparities in physical state (solid versus liquid) and mechanisms for viscosity reduction, Sasobit and Evotherm were 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.
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.
TABLE 2 | Basic information and preparation process of WMA.
[image: Table comparing WMA additives Sasobit and Evotherm. Sasobit content ranges from 1% to 5% and is sheared for 20 minutes at 160 degrees Celsius, 3000 rpm. Karamay IDs KS1 to KS5; Tahe IDs TS1 to TS5. Evotherm content ranges from 0.2% to 1% and is sheared for 10 minutes at 160 degrees Celsius, 600 rpm. Karamay IDs KE0.2 to KE1; Tahe IDs TE0.2 to TE1.]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.
[image: Flowchart detailing the separation process of asphalt binder. Starting with n-heptane precipitation, it splits into insolubles and solubles. Solubles go through a filter, then silica gel/alumina chromatography via elution with n-heptane, toluene, and toluene/ethanol, resulting in saturates, aromatics, resins, and asphaltenes.]FIGURE 2 | Corbett separation scheme.
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).
[image: Equation illustrating the Colloidal Instability Index (CII), calculated as the sum of asphaltenes and saturates in weight percent, divided by the sum of resins and aromatics in weight percent.]
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.
TABLE 3 | The wavenumber of each functional groups (Wen, 2010).
[image: Table displaying functional groups alongside their corresponding infrared spectral peak areas in centimeters inverse. Asymmetrical stretching of CH2 is 2936–2916, symmetrical stretching of CH2 is 2863–2843, C=C stretch in aromatics is 1642–1547, C-H asymmetric deform in CH2 or CH3 is 1490–1430, C-H symmetric deform in CH3 is 1385–1365, C-H bending vibration of benzene ring is 900–800 and 830–800, C-H stretching in CH2 or CH3 is 764–650.]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 average model 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 and Greenfield, 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 and Wang, 2016).
	(2) Warm-Mix Additives

[image: Four molecular structures labeled A, B, C, and D. A is asphaltene with complex rings, B is resin with a slightly simplified ring structure, C is saturates with a long chain, and D is aromatics with connected rings.]FIGURE 3 | Asphalt molecules consist of these four components: (A) asphaltene, (B) resin, (C) saturates and (D) aromatics.
Sasobit® Sasol wax is a synthetic hydrocarbon hard wax obtained as by-product of the Fischer-Tropsch (FT) process, where hydrocarbons are synthesized from hydrogen and carbon monoxide. 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).
[image: Diagram showing two molecular structures. A: Sasobit molecule with a zigzag chain highlighted in pink. B: Evotherm molecule with a linear chain, including a blue atom near its end.]FIGURE 4 | Molecular models of WMA additives: (A) Sasobit molecule and (B) Evotherm molecule.
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.
[image: Particle simulation within a transparent cube on a blue background, showcasing densely packed small spheres connected by lines, illustrating molecular or chemical interactions.]FIGURE 5 | K90 asphalt molecular model.
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 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.
[image: Two graphs display simulation data over time. The left graph shows density fluctuating, stabilizing around 0.98 g/cm³ by 300 ps. The right graph shows energy changes: total, potential, kinetic, and non-bonded energies, with total energy steady around 70,000, potential at 40,000, kinetic at -20,000, and non-bonded near zero, each remaining fairly constant over time.]FIGURE 6 | Density and energy curves of NPT equilibration process.
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 ([image: Delta H subscript m.]) measures the compatibility of the materials and was calculated as Eqs 2–5.
[image: Mathematical equation showing \(\Delta H_m = \left[ \frac{N_{V_j} \cdot N_{V_k}}{N_{V_j} + N_{V_k}} \right] \cdot [\delta_s - \delta_k]\).]
[image: Mathematical equation representation: δ sub j equals the square root of the fraction with numerator delta E sub j and denominator V sub j. Labeled as equation three.]
[image: Formula for delta sub k equals the square root of the change in E sub k divided by V sub k, labeled as equation four.]
[image: Formula displaying the change in delta as the absolute difference between delta sub i and delta sub k, represented as Δδ = |δᵢ - δₖ|.]
The polymers [image: It seems there was an error or incomplete information regarding the image upload. Please try uploading the image again or provide a URL.] and [image: It seems there was an error in your request. Please upload the image or provide a URL, and I will generate the alternate text for it.] have relative molecular masses of [image: Please upload the image or provide a URL for me to generate the alt text.], [image: Mathematical notation displaying an uppercase "N" with a subscript "k".], their molar volumes are [image: Please provide the image or a URL to the image you'd like me to describe.] and [image: Please upload the image or provide a URL so I can help generate the alternate text for it.], and their cohesive energy densities (CED) are [image: Fraction with numerator delta E subscript j and denominator V subscript k.] and [image: Fraction displaying delta E over V sub k.],respectively. The solubility parameters of the polymers are [image: Please upload the image or provide a URL to generate the alternate text.] and [image: Greek lowercase letter delta with a subscript lowercase letter k.], and the absolute values of the differences in solubility parameters is [image: An illustration showing the Greek letters Delta (Δ) and lowercase Delta (δ) placed side by side. Delta is a triangle-shaped uppercase letter, while the lowercase Delta is a curved symbol resembling an 's'.].
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.
[image: Equation showing the formula for \( g(r) \), which is defined as \( \frac{1}{4\pi r^2 \xi_{r}} \times \frac{\sum_{t=1}^{T}\sum_{j=1}^{N} \Delta N(r \rightarrow r + \xi_{r})}{N \times T} \), labeled as equation (6).]
where [image: Certainly! Please upload the image or provide a URL, and I'll help generate the alternate text for it.] = total number of molecules; [image: Please upload the image or provide a link to it, and I will help generate the alternate text for you.] = total time of calculation (ps); [image: Please upload the image or provide a URL to generate the alternate text. If you have a caption or additional context, feel free to add that as well.] = distance from given reference point; [image: To generate alternate text, please upload the image you want described or provide a URL.] = number of molecules within system interval; and [image: Please upload the image or provide a URL, and I'll help generate the alternate text for it.] = system density.
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.
[image: Mathematical formula displaying "log P equals K plus A subscript lip, pen times T" with equation number seven.]
[image: Equation displaying PI equals the fraction with a numerator of twenty minus five hundred times \( A_{\text{lg,pen}} \), and a denominator of one plus five hundred times \( A_{\text{lg,pen}} \), labeled as equation eight.]
[image: The formula shows T subscript 1500 equals fraction 1, the logarithm of open parenthesis 800 minus K, close parenthesis over A subscript log, pen, equals fraction 2, 9031 minus K over A subscript log, pen, with reference number 9.]
[image: Equation showing \( T_{1,2} = \frac{\log(1.2-K)}{A_{lg\_pen}} = \frac{0.0792 - K}{A_{lg\_pen}} \), labeled as equation (10).]
[image: Equation showing the temperature difference \(\Delta T\) as \(T_{800} - T_{1.2}\), equaling \(\frac{2.8239}{A_{hg\_per}}\). Equation is labeled as (11).]
TABLE 4 | Penetration correlation calculation table (Karamay asphalt).
[image: A table compares various samples with IDs, showing penetration values at 15°C, 20°C, and 25°C. Other columns include R-squared values, PI, T800 in °C, and T1.2 in °C. Each row provides specific data for each sample, such as for K90, KS1, and others, showing variation in penetration, temperature, and other calculated properties.]TABLE 5 | Penetration correlation calculation table (Tahe asphalt).
[image: A table displays data related to penetration values at 15, 20, and 25 degrees Celsius for different IDs, along with additional columns R2, PI, T800 in degrees Celsius, and T1.2 in degrees Celsius. Values are provided numerically for each row, varying across all columns.]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.
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 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.
[image: Graph (A) shows the effects of sorbitol and evotherm dosage on the softening point of WMA, with higher dosages increasing softening points. Graph (B) illustrates the impact of the same additives on the ductility of WMA, showing varied trends based on additive types.]FIGURE 7 | Softening point and ductility of WMA: (A) Softening point and (B) Ductility.
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-SW were 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.
[image: Four line graphs labeled A to D compare viscosity in Pascal seconds (Pa·s) against temperature in degrees Celsius (°C). Graph A (K-SW) and Graph B (K-EW) plot samples K90 and KE variants, showing similar viscosity decline as temperature rises. Graph C (T-SW) plots T90 and TS variants with a similar trend, and Graph D (T-EW) corresponds to T90 with TE variants, displaying comparable patterns.]FIGURE 8 | Variation curve of viscosity of base asphalt and WMA: (A) K-SW, (B) K-EW, (C) T-SW and (D) T-EW.
It was observed in Figure 8 that the viscosity of WMA 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.
[image: Equation for VTS calculation: VTS equals the logarithm of the difference of logarithms eta sub two and eta sub n divided by the difference of logarithms of T sub two plus two hundred seventy-three point one three and T sub one plus two hundred seventy-three point one three. Equation twelve.]
In Eq. 12, T1 and T2 are the test temperatures for the asphalt viscosity in °C; [image: Greek letter eta followed by subscript "n".] and [image: The formula "η subscript T2" is displayed, where "η" is a Greek letter eta.] are the viscosity values at temperatures T1 and T2, respectively, in Pa·s.
Figure 9 shows the VTS diagram of base asphalt and WMA, with the slope of the relation curve showing the VTS values of the WMA. 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).
[image: Four line graphs (A, B, C, D) display the relationship between logarithmic values, labeled as log(k) vs. log(T-273.13). Graph A (K-SW) and B (K-EW) show overlapping lines for K90 and other Ks. Graph C (T-SW) and D (T-EW) illustrate similar trends for T0 and other Ts. Each graph uses distinct markers and colors for different data sets.]FIGURE 9 | Viscosity temperature index relationship between base asphalt and WMA: (A) K-SW, (B) K-EW, (C) T-SW and (D) T-EW.
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.
[image: Line graph depicting the viscosity-temperature index against the dosage of Sasobit and Evotherm. Four data series are plotted: K-SW and T-SW in black, K-EW and T-EW in red. Both red series show a steeper increase compared to black series, indicating a higher impact of Evotherm on the index.]FIGURE 10 | Viscosity-temperature index of base asphalt and WMA.
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.
[image: Four bar graphs, labeled A to D, show vertical lines for different applications with acronyms: CP, PA, RT, SW, EW. Each graph has a different title: K-SW, K-EW, T-SW, T-EW. Overlaying the bars, an orange line graph displays a descending and ascending trend across the categories. The y-axis on the left demonstrates application rates, while the right y-axis shows the orange line scale.]FIGURE 11 | SARA fractions of base asphalt and WMA: (A) K-SW, (B) K-EW, (C) T-SW and (D) T-EW.
Figure 11 illustrated the SARA fractions as well as the colloidal instability index for the base asphalt and WMA. 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. The distinctive 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 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 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. The FTIR spectra of basic asphalt and WMA showed 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.
[image: Four infrared spectra graphs labeled A, B, C, and D. Each graph shows intensity percentages versus wavenumber in inverse centimeters, with colored lines representing different samples. Graph A is titled K-SW, B is K-EW, C is T-SW, and D is T-EW. Key absorption peaks are marked, indicating different molecular vibrations.]FIGURE 12 | FTIR spectra of base asphalt and WMA: (A) K-SW, (B) K-EW, (C) T-SW and (D) T-EW.
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.
TABLE 6 | Solubility parameters of asphalt.
[image: A table comparing six asphalt types: K90, KS3, KE0.6, T90, TS3, and TE0.6. It includes three rows with measurements: CED in joules per cubic centimeter, δ in square root of joules per cubic centimeter, and Δδ in square root of joules per cubic centimeter. Data values vary, with some entries marked as unavailable.]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.
[image: Two three-dimensional graphs compare interactions in asphaltene mixtures. Graph A shows asphaltene-asphaltene interaction with three distinct colored lines, while Graph B shows asphaltene-warm mixing additive interaction with different colored lines. Each graph displays r(Å) on the x-axis and g(r) on the y-axis, highlighting peaks in interactions.]FIGURE 13 | RDF of base asphalt and WMA: (A) asphaltene-asphaltene and (B) asphaltene-warm mixing additive.
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 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 of WMA on numerous scales. The base asphalts selected are K90 and T90. Two typical warm-mix additives were investigated: wax-based WMA additive (Sasobit) and surfactant WMA 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 are made 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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Oxidative aging of asphalt binders seriously affects the durability of asphalt pavements and causes early damage. Hence, appropriate indices that could track the extent of asphalt binder aging are of great importance to the material selection, design, and maintenance of asphalt pavement. This paper aims to select the applicable rheological and chemical indices to characterize oxidative aging degrees of polymer-modified asphalt binders. Styrene–butadiene–styrene (SBS)-modified asphalt and two kinds of SBS/crumb rubber compound-modified asphalt were subjected to a rolling thin-film oven (RTFO) test and 20 h, 40 h, and 60 h pressure aging vessel (PAV) tests. Various rheological experiments at different temperature ranges were applied to obtain rheological indices, including complex shear modulus (|G*|), G–R parameter, and J′ (derivative of creep compliance). A range of chemical indices were determined by Fourier transform infrared spectroscopy (FTIR). The results indicate that the carbonyl index is strongly correlated with PAV aging time. |G*| at 52°C and J′ values at −18°C are the two most promising rheological indices to track the oxidative aging of asphalt binders and relate well to the chemical changes induced by PAV aging. In addition, the G–R parameter is problematic in some instances when used as the rheological index because its accuracy depends on the precise fitting of master curves.
Keywords: SBS/rubber composite-modified asphalt binder, long-term oxidative aging, rheological properties, FTIR, G–R parameter

1 INTRODUCTION
Polymer modifiers are widely used in China to improve the anti-aging performance of asphalt binders and to extend the service life of asphalt pavement. Nevertheless, polymer-modified asphalt binders face an inevitable oxidative aging problem that causes asphalt materials to harden and reduce their cohesion capacity (Qin et al., 2014; Rahmani et al., 2018; Cai et al., 2024). Furthermore, due to asphalt hardening, asphalt mixtures may develop cracks and other deteriorations. The development of cracks leads to a decrease in the service performance of asphalt pavement, increasing the need for maintenance and repair (Yao et al., 2023; Yao et al., 2023). Therefore, it is of vital importance to identify appropriate indices that can effectively characterize the aging degrees of polymer-modified asphalt binders and contribute to the design, construction, and maintenance of asphalt pavement.
In general, rheological parameters and chemical functional groups are the two main categories used to trace and quantify the oxidative aging of asphalt binders. Researchers have proposed many rheological indices, including rutting parameter (|G*|/sinδ), fatigue parameter (|G*|∙sinδ), Glover–Rowe (G–R) parameter, and so on, because they are well correlated to the physical or mechanical properties of asphalt binders and are easily obtained by a dynamic shear rheometer (DSR) test (Hao et al., 2017; Zhang et al., 2018; Zhang et al., 2023). The main drawback when these rheological indices are used to characterize the aging behavior of asphalt binders is that they only reflect the changes in the materials' physical parameters or paving performance and can hardly indicate any alteration in material components. However, the chemical indices can directly indicate the oxygen uptake during asphalt binders’ oxidative aging process using a Fourier transform infrared spectroscopy (FTIR) technique. It is generally recognized that the formation and accumulation of sulfoxide and carbonyl are two major chemical reactions in the aging process of asphalt binders (Peterson, 2009). The index of the carbonyl function group was proved to effectively determine the long-term aging behavior of asphalt binders because the formation rate of the carbonyl group remained stable throughout the aging process (Huh and Robertson, 1996). In addition, polymer degradation is a significant part of the polymer-modified asphalt binders aging process (Xu et al., 2021; Zhou et al., 2023), and thus, the relative proportion of polystyrene (PS) and polybutadiene (PB) can be reasonable indices to trace the oxidative aging of polymer-modified asphalt binders.
Although numerous indices have been proposed in the past decades, a comprehensive investigation focusing on the rheological and chemical indices and their relationships to oxidative degrees is currently missing. In addition, because most existing studies conducted the standard aging processes, including the rolling thin-film oven (RTFO) test and the pressure aging vessel (PAV) test, there is still a lack of studies on evaluation indices that consider the long-term laboratory aging effects. Hence, this paper aims to investigate various rheological and chemical indices to characterize the long-term oxidative aging of polymer-modified asphalt binders. SBS-modified asphalt and two kinds of SBS/crumb rubber (SR1 and SR2)-modified asphalt were used to extend PAV aging to simulate long-term aging. All the asphalt binders at each aging condition were subjected to a DSR test, a bending beam rheometer (BBR) test, and an FTIR test to obtain the rheological and chemical indices at different temperature ranges. Furthermore, the relationships between aging indices and PAV aging time and the interrelationship of different indices were also discussed. A technical flowchart of this paper is shown in Figure 1.
[image: Flowchart of testing procedures for SBS-Asphalt Composites. The SBS-Asphalt sample undergoes a Pressure Aging Vessel (PAV) test, followed by rheological testing using Dynamic Shear Rheometer (DSR) and Bending Beam Rheometer (BBR). It then proceeds to Fourier Transform Infrared Spectroscopy (FTIR) for chemical indexing. The flowchart concludes with correlation and sensitivity analysis.]FIGURE 1 | Technical flowchart.
2 MATERIALS
The details of three polymer-modified asphalt binders and the long-term aging time are shown in Table 1. All these asphalt binders were obtained from Jiangsu Baoli Asphalt Co., Ltd. All the asphalt binders were subjected to a PAV (AASHTO R28) test to assess the rheological and chemical changes in terms of long-term oxidative aging, and the testing time was prolonged compared to standard aging time. In this procedure, 50 g of the residue from the RTFO (AASHTO T240) test was further conditioned in the PAV at 100°C and 2.1 MPa pressurized air for the corresponding testing time.
TABLE 1 | Details of asphalt binders.
[image: Table showing different asphalt types, dosage of modifiers, and aging conditions. Asphalt type SBS has 5.5% SBS modifier. SR1 has 3% SBS and 18% desulfurized crumb rubber with aging conditions Original, RTFO, 20-hour PAV, 40-hour PAV, and 60-hour PAV. SR2 has 5.5% SBS and 18% desulfurized crumb rubber with the same aging conditions.]3 MEASUREMENT OF AGING INDICES
3.1 DSR procedure
The temperature sweep and frequency sweep tests were conducted using HAAKE MARS 40 model DSR. For the former test, the applied strain and frequency were 1% and 1.59 Hz, respectively. The test temperatures were 52°C, 58°C, 64°C, 70°C, and 76°C to find an appropriate index that could characterize the asphalt binders’ aging degrees at a relatively higher temperature. For the frequency sweep test, a 1% strain amplitude was used to ensure the obtained rheological parameters of all asphalt binders were in their linear viscoelastic range. The test angular frequencies were set to be between 0.1 and 100 rad/s, and the same sample of each asphalt binder was tested under six temperatures (15°C, 25°C, 35°C, 45°C, 60°C, and 70°C).
3.1.1 Complex shear modulus (|G*|)
The complex shear modulus (|G*|) can be measured directly by an oscillation test and can well track changes in a binder’s physical properties induced by oxidative aging (Sun et al., 2024). Therefore, it was selected as one of the rheological indices. In addition, it is an important indicator in the Superpave performance grading specification. Figure 2A shows the variation in SBS asphalt binders |G*| with the temperature increase at different aging conditions.
[image: Chart with five panels comparing polymer properties:   A. Line graph showing temperature vs. 1/T2 log values for five SBS samples.   B. Scatter plot of G' and strain percentage indicating blocking and damage zones.   C. Logarithmic graph of relative change in G' over time for four SBS samples.   D. FTIR spectra comparing SBS samples over wavenumber range 4000 to 600 cm^-1.   E. FTIR spectra of SBS samples focusing on range 2000 to 600 cm^-1, showing distinct peaks.]FIGURE 2 | (A) |G*| of the SBS-modified asphalt binder; (B) G–R parameter; (C) J′ of the SBS-modified asphalt binder at −18°C; (D) FTIR spectra of the SBS-modified asphalt binder; (E) chemical indices in the fingerprint region.
3.1.2 G–R parameter
The G–R parameter was also used as a rheological index in this paper. It was proposed to quantify the age-related cracking resistance of asphalt binders at the intermediate temperature range (Glover et al., 2002; Rowe, 2011) and could be obtained from the black space diagram. In addition, based on Kandhal's (1997) ductility thresholds, the G–R parameters at values 180 kPa and 600 kPa are deemed to identify the onset of cracking and significant cracking, respectively (Rowe, 2011). The following equation details the calculation formula of the G–R parameter.
[image: Mathematical equation showing \( G - R = \frac{|G \ast | \cdot (\cos \delta)^2}{\sin \delta} \).]
where [image: Blurred image showing the letter 'G' followed by an asterisk symbol, indicating a placeholder or censored content.] and [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] are the complex shear modulus and phase angle measured at 15°C and 0.005 rad/s, respectively.
However, testing at 0.005 rad/s is impossible, and thus, the [image: Mathematical notation showing the letter "G" followed by an asterisk, often used to denote a specific modified or dual version of a group or graph.] and [image: Please upload the image or provide a URL so I can help generate the alternate text for you.] values at a reduced frequency that corresponds to 15°C and 0.005 rad/s, respectively, were obtained from the master curves based on the time–temperature superposition principle. Figure 2B shows the black space diagram of the SBS-modified asphalt binder at different aging conditions.
The Christensen–Anderson–Marasteanu (CAM) model, which is widely used, was taken to construct master curves for complex shear moduli, as represented in the following equation (Yusoff et al., 2011).
[image: Mathematical formula representing the complex modulus \( |G^*| = G_s \left[ 1 + \left( \frac{\omega_c}{\omega_r} \right)^\nu \right]^{-\frac{1}{\nu}} \), involving parameters \( G_s \), \( \omega_c \), \( \omega_r \), and \( \nu \).]
where [image: It seems like there might be a misunderstanding. It looks like you've entered a mathematical symbol rather than uploaded an image. If you have an image you'd like to get alt text for, please upload it directly. If you're referring to a concept or another element, please provide more details.], [image: Please upload the image or provide a URL for me to generate the alt text.] and [image: Please upload an image or provide a URL so I can help generate the alternate text for it.] are glassy modulus, crossover frequency, and reduced frequency, respectively; [image: Please upload the image or provide a URL so that I can generate the alt text for you.] = log(2/R), where R is a rheological indicator defined as the ratio of [image: It seems there's a confusion. If you intended to upload an image, please try again by using the file upload feature, or provide a URL or description if it's online. If you meant something else, please clarify.] to the [image: It seems there's an issue displaying an image. Please try uploading the image file again so I can assist you in generating the alt text.] at the crossover frequency; and [image: Please upload the image or provide a URL for me to analyze.] is one of the shape parameters of the master curve. [image: Please upload the image or provide a URL so I can generate the alternate text for it.] addresses the issue of how fast or how slow the [image: It looks like the image you uploaded didn't come through. Can you try uploading it again or provide more details about the image?] data converge into the two asymptotes (the 45° asymptote and the [image: Please upload the image or provide a URL for me to generate the alt text.] asymptote) as the frequency goes to zero or infinity.
Due to the addition of a relatively high content of polymer modifier, the phase angle master curves of the modified asphalt binders showed the characteristic of a plateau zone, and the CAM model could not fit very well. As a consequence, a modified double-logistic (DL) model was used to construct the phase angle master curves and was found to have a good fit with the observed data (Asgharzadeh et al., 2013). The shift factors for the construction of complex shear modulus master curves were then used to build phase angle master curves. This modified DL model is detailed in the following equation.
[image: Equation describing a mathematical expression with delta, theta, H, and exponential functions. It includes terms like δP, δL, fP, fred, and sκ with logarithmic components and multiplications. The expression appears to involve piecewise functions and conditional logic.]
where [image: It seems like there is no image provided. Please upload the image or provide a URL, and I'll generate the alternate text for you.] is the plateau phase angle, [image: Please upload the image or provide a URL so I can generate the appropriate alternate text for it.] is the reduced frequency, and [image: Please upload the image or provide a URL so I can generate the alternate text for you.] is the frequency at which the binder attains its plateau zone. [image: Mathematical expression showing the Heaviside step function, \( H(f_{\text{red}} - f_{p}) \), where \( f_{\text{red}} \) and \( f_{p} \) are variables.] and [image: Mathematical expression showing \( H(f_p - f_{\text{red}}) \), where \( H \) is a function and \( f_p \) and \( f_{\text{red}} \) are variables.] are two Heaviside step functions. [image: Sure, please upload the image or provide a URL so I can generate the alt text for you.] stands for the rise or fall on the left side of the plateau zone. [image: It seems like there’s an issue with the image upload. Please try uploading the image again or provide a URL. You can also add a caption for additional context if needed.] and [image: It seems like there is no image uploaded or linked. Please provide an image or URL, and optionally add a caption for more context.] represent the slope of the master curve to the left side and the right side of the plateau zone, respectively.
3.2 BBR test
A BBR (Cannon Instrument Company) test was conducted on these three asphalt binders after each aging condition at four different temperatures (−12°C, −18°C, −24°C, and −30°C) according to AASHTO T313 to analyze their low-temperature rheological characteristics. Two parameters, creep stiffness (S) and creep rate (m-value), could be obtained from this test. The former parameter S represented the resistance to constant loading of the binder, and the latter parameter m measured the rate change of asphalt stiffness as the loads were applied (Wang et al., 2012). The S and m values of the tested binders at any time (t) were calculated by the following equations. In addition, two replicate beams of each asphalt binder were tested, and the average values are reported.
[image: The equation \( S(t) = \frac{PL^3}{4bh^3 \delta(t)} \) represents a function where \( S(t) \) is defined in terms of variables \( P, L, b, h, \) and \( \delta(t) \). The fraction signifies division of \( PL^3 \) by \( 4bh^3 \delta(t) \).]
[image: Mathematical equation representing the function \( m(t) \) as the absolute value of the derivative of the logarithm of \( S(t) \) with respect to the logarithm of \( t \).]
where [image: The mathematical expression "S(t)" is shown, where "S" is a function of "t".] is the creep stiffness (Mpa) at any time [image: Please upload the image or provide a URL, and I can help generate the alternate text for you.], [image: It appears there was an error attempting to display an image. Please upload the image directly, and I will generate the alternate text for you.] is the creep rate at any time [image: It seems there was an error with the image upload. Please try uploading the image again or provide a URL for me to generate the alternate text. If you have additional context or a caption, you can include that as well.], [image: Please upload the image or provide a URL so I can generate the alternate text for you.] is the applied constant load (N), [image: Please upload the image you'd like me to generate the alternate text for.] is the distance (102 mm) between beam supports, [image: Please upload the image or provide a URL for me to generate the alternate text.] is the width (12.5 mm) of the asphalt beam, [image: Please upload the image you need the alt text for. You can add a caption for additional context if needed.] is the beam thickness (6.25 mm), and [image: It looks like there was a mistake in the upload. Please ensure the image is attached correctly, then I can help generate the alt text.] is the mid-span deflection (mm) at time [image: It seems there was an error in your request. Please upload the image or provide a URL so I can generate the alternate text for you.].
3.2.1 Derivative of creep compliance
Although [image: To generate alt text, please provide an image or URL. If there's a caption, it can offer additional context.] and [image: It seems like there was an issue with the image upload. Please try uploading the image again or provide a URL. Additionally, you can include a caption for context.] values at 60 s are widely used to describe the low-temperature performance of asphalt binders, they are used as two independent indicators for evaluation. A differential relationship exists between them in terms of mathematics. Hence, Liu et al. (2010) utilized Burgers’ four-parameter model and established the physical relationship between [image: Mathematical expression showing "S" followed by "t" in parentheses, denoting a function of time.] and [image: It appears there's an issue displaying the image. Please try uploading the image directly or providing a URL.] and finally proposed the derivative of creep compliance J′ as a more reasonable index to characterize asphalt binders’ cracking resistance at low temperatures. Therefore, J′ at 60 s was also used as a rheological index to evaluate the long-term aging effect. This relationship is shown in the following equation, and the detailed derivation process can be found in Liu et al.’s paper. Figure 2C shows the J′ values of SBS-modified asphalt binders at 8 s, 15 s, 30 s, 60 s, 120 s, and 240 s, and the test temperature is −18°C.
[image: Approximate equation for J prime of t as m of t over S of t, multiplied by one over t.]
3.3 FTIR test
In this paper, an FTIR spectrometer (Bruker, Germany) was used to quantify the functional groups of asphalt binders before and after aging in the wavenumber range of 4,000–400 cm−1. Spectra were recorded using 32 scans at a resolution of 4 cm−1. For reliability, a minimum of six replicates were tested for each asphalt binder. Changes in carbonyl, polystyrene, and polybutadiene functions were recorded at wavenumbers 1,700 cm−1, 699 cm−1, and 966 cm−1. An existing study (6) indicates that the number of sulfoxide functional groups determines the degree of an asphalt binder’s short-term aging, while the formation rate of the carbonyl is stable throughout the aging process. Therefore, this paper did not choose sulfoxide functional groups as the chemical index. Figures 2D, E indicate examples of the FTIR spectra and chemical indices. Chemical indices ICA and IPB/IPS were used in this study. They are calculated as shown in the following equations:
[image: Formula for the Carbonyl Index (\(I_{CA}\)) equals \(A_{1700}\) over \(A\).]
[image: Text formula for Polystyrene Index, represented as \( I_{PS} = \frac{A_{609}}{A} \).]
[image: Polybutadiene Index (I\(_{PB}\)) formula is shown as A\(_{9\ 966}\) divided by A.]
[image: Equation showing the intensity ratio, \(I_{\text{PB}}/\text{PS}\), as the fraction \(\frac{A_{966}}{A_{699}}\).]
where [image: Mathematical notation displaying the letter "A" with a subscript of "1700".] is the area of the spectral bands of approximately 1,700 cm−1, [image: Mathematical notation showing the term "A subscript six hundred ninety-nine".] is the area of the spectral bands of approximately 699 cm−1, [image: Capital letter "A" followed by the subscript "966".] is the area of the spectral bands of approximately 966 cm−1, and [image: Please upload the image or provide a URL, and I will help create the alternate text for it.] is the area of the spectral bands between 2000 and 600 cm−1.
3.4 Linear regression
Linear regression is one of the most well-known modeling techniques and is a preferred technique for learning predictive models (Shen and Wang, 2024). In this technique, as the aging time is a continuous independent variable, the performance after aging (the dependent variable) can be continuous or discrete, and the property of the regression line is linear. Linear regression is very sensitive to outliers and can better identify them (Shen and Wang, 2023). Linear regression would also be convenient for practical engineering operations, predicting the performance of long-term aging asphalt.
4 RESULTS AND DISCUSSION
4.1 Evaluation of rheological indices
4.1.1 Complex shear modulus
Figure 3 shows the correlations between |G*| and aging time at different temperatures. As can be seen, SBS- and SR1-modified asphalt binders’ |G*| show a good linear correlation with aging time; however, this relationship for the SR2-modified asphalt binder is relatively poor, especially at high temperatures. Thus, this paper chose the |G*| values at 52°C for the next exploration, expecting they have a good relationship with other indices. In addition, the rate of oxidation is temperature-dependent; the slopes of regression curves decline as temperature increases. This means an appropriate rheological index that is directly related to a binder’s physical property should not be tested at a relatively high temperature because the binder’s viscous characteristic will strongly affect the accuracy of experimental results. In terms of the effect of modifications, it can be seen that the |G*| values of asphalt binders decrease at 52°C with the addition of crumb rubber. For SR1- and SR2-modified asphalt binders with the same crumb rubber content, the rise of the SBS modification content can significantly increase |G*| values at all test temperatures.
[image: Five line graphs labeled A to E display the effect of aging time on J_C values at different temperatures (52°C, 58°C, 64°C, 70°C, 76°C) for three materials: SBS, SR1, and SR2. Each graph shows three lines representing the materials, with R² values for each. The x-axis depicts aging time in hours, while the y-axis shows J_C values in kiloPascals.]FIGURE 3 | Changing curves of |G*| versus aging time: (A) 52°C, (B) 58°C, (C) 64°C, (D) 70°C, and (E) 76°C.
4.1.2 G–R parameter
As can be seen from Figure 4, all asphalt binders should have no cracking-related issues. In addition, it is obvious that the SBS asphalt binder’s G–R value rate of change is much larger than that of the other two asphalt binders. It indicates that adding crumb rubber effectively enhances the asphalt binder’s cracking resistance and anti-aging performance at an intermediate temperature range. Generally speaking, asphalt binder modulus and phase angle values increase with the increase of aging time in shear mode tests. This is because asphalt binders become stiffer and tend to behave more elastically. According to Figure 2B, however, the phase angle values of these three asphalt binders increase at 0.005 rad/s (which corresponds to approximately −3.099 Hz reduced frequency) before the aging time reaches 40 h, while the values decline between 40 h PAV aging and 60 h PAV aging. The same result, which is triggered by a combination of factors, was found by many researchers (Isacsson and Lu, 1999; Airey, 2003; Hao et al., 2017; Subhy et al., 2018; Zhang et al., 2018). With the increase in aging time, phase angle values increase at a low-frequency range and decrease at a high-frequency range. In addition, this changing trend is more obvious when the polymer modification content is more than 3% (Isacsson and Lu, 1999). In other words, this phenomenon is highly related to the testing frequency and modification dosage. Because the calculated frequency of the G–R parameter is 0.005 rad/s, which is relatively low, it can be predicted to appear. The decrease in phase angle values when the aging time reaches 40 h may result from the fact that most polymer has been degraded, and the asphalt phase begins to play a major role (Airey, 2003).
[image: Graph showing the relationship between aging time in hours and \(G-R\) values in kilopascals for three materials: SBS, SRI, and SR3. SBS has a steep increase, reaching nearly 180 kPa, with \(R^2 = 0.9455\). SRI and SR3 exhibit minor increases, staying below 40 kPa, with \(R^2 = 0.9866\) and \(R^2 = 0.9946\) respectively. A dashed red line indicates the damage zone at 180 kPa.]FIGURE 4 | Changing curves of G–R values versus aging time.
4.1.3 Derivative of creep compliance
Figure 5 shows the correlation between J′ and aging time. It can be seen that this rheological index is not well-correlated with aging duration, especially when the test temperature is −30°C. Thus, the J′ values tested at −18°C were selected as the rheological index at a low-temperature range because of their relatively higher correlation. Another reason is that −18°C in the BBR test corresponds to −28°C in Superpave performance grading, which is an extreme service temperature for asphalt binders. We can see that all the J′ changing rates for the three asphalt binders induced by oxidative aging are not very different, while their initial J′ values are important for creep behaviors affected by oxidative aging at low-temperature conditions. Therefore, the addition of crumb rubber may not slow the asphalt binder’s aging rate but could enhance cracking resistance at low temperatures, which leads to relatively better low-temperature performance when asphalt binders are subjected to long-term aging.
[image: Charts A to D compare the change in decay rate of error generation over aging time at different temperatures: -12°C, -18°C, -24°C, and -30°C. Each chart shows data points for SBS, SR1, and SR2 with trend lines and R-squared values indicating fit quality. Axes are labeled "Decay rate of error generation (10^-3 h^-1)" and "Aging time (hour)".]FIGURE 5 | Changing curves of J′ versus aging time: (A) −12°C, (B) −18°C, (C) −24°C, and (D) −30°C.
4.2 Evaluation of chemical indices
Numerous studies showed that asphalt binders exhibit an initial fast reaction period, followed by a relatively slower reaction period that has an approximately constant rate of oxidative aging (Petersen, 1998; Jin et al., 2011; Petersen and Glaser, 2011). In this paper, the chemical indices were evaluated within the constant rate period because all the asphalt binders were subjected to long-term oxidative aging.
Figure 6 compares two chemical indices with respect to aging time. The formation rate of carbonyl in the SBS-modified asphalt binder is the highest, although its initial ICA is relatively low. In addition, ICA and IPB/PS show a similar rank for base asphalt aging and polymer modifier degradation processes. It also can be seen that the IPB/PS values of SR1 and SR2 are higher than those of SBS, which may be because the added crumb rubber contains a certain amount of polystyrene and polybutadiene. However, the current study (Yan et al., 2018) shows that the chemical index IPB/PS is independent of the polymer modifier’s concentration fluctuation and can effectively represent the extent of aging of the polymer-modified asphalt binder. The authors consider that all the rheological indices directly relate to asphalt binder’s physical and mechanical properties, and the modifier degradation does not contribute much to oxidation products (Nivitha et al., 2016), while the volatilization of light components and the formation of macromolecules in base asphalt are the main causes of asphalt hardening. Hence, ICA was selected as a promising chemical index and used in the following analysis with the rheological indices.
[image: Two graphs, labeled A and B, show relationships over aging time in hours. Graph A displays three upward-sloping lines with R-squared values of 0.969, 0.902, and 0.974. Graph B shows three nearly horizontal lines with R-squared values of 0.904, 0.939, and 0.959. Both graphs compare SBS and SR1 and SR2 data.]FIGURE 6 | Changing curves of chemical indices versus aging time: (A) ICA and (B) IPB/PS.
4.3 Correlation and sensitivity analysis
Figure 7 indicates the relationships between rheological indices, including high-, intermediate-, and low-temperature parameters, and the chemical index. As we can see, the correlation of the SBS asphalt binder’s G–R parameter with the ICA is not as good as the other rheological indices. This problem is related to the construction errors of |G*| and phase angle master curves. The G–R parameter accuracy depends on the precise fitting of master curves. In addition, the changing rates of different indices between the latter aging condition and the former aging condition are detailed in Table 2 to evaluate the aging sensitivities of different indices. Based on the comprehensive analysis of all indices, the anti-aging property of SBS-modified asphalt is relatively poor, and the SR2-modified asphalt exhibits good aging resistance performance. It can be concluded that the G–R parameter is the most sensitive index to aging effects. However, it is not reliable enough because of its relatively poor correlation with the chemical index. In addition, its calculation involves the phase angle, and the variation in the phase angle due to aging is quite complex. Therefore, based on the analysis of correlations between the different indices and their sensitivities to aging, |G*| values at 52°C and J′ values at −18°C are suggested as the rheological indices, and ICA is an effective chemical index to characterize long-term oxidative aging.
[image: Three scatter plots labeled A, B, and C show relationships between variables \(G_R\), \(k_{CA}\), and \(J\) with trend lines. Each plot includes different datasets represented by symbols: squares, circles, and triangles. Plot A and C display positive correlations, while B has a negative correlation. R-squared values indicate the strength of these correlations, ranging from 0.8407 to 0.9951.]FIGURE 7 | Correlations between rheological and chemical indices: (A) |G*| versus ICA; (B) G–R versus ICA; (C) J′ versus ICA.
TABLE 2 | Aging indices of asphalt binders.
[image: A table compares various asphalt types, including SBS and SR with original and PAV-treated versions. Columns show values for |G*|, G–R parameter, J', and I_CA with corresponding changing rates. The table highlights differences in performance metrics under different conditions.]5 CONCLUSION
In this study, various rheological and chemical indices were evaluated to track the long-term oxidative aging of polymer-modified asphalt binders. The main conclusions that can be drawn from the experimental and analytical results of this study are as follows:
	(1) |G*| at 52°C and J′ values at −18°C are the two most promising rheological indices to track the degree of oxidative aging. The test temperature should not exceed 52°C when using |G*| as the rheological index to track the long-term oxidative aging of polymer-modified asphalt binders because the asphalt binder’s viscous characteristic will strongly affect the accuracy of experimental results.
	(2) The volatilization of light components and the formation of macromolecules in base asphalt are the main causes of asphalt hardening. The carbonyl index ICA is suggested as an effective chemical index for characterizing long-term oxidative aging.
	(3) Although the G–R parameter is the most sensitive index to aging effects, it is problematic in some instances when used as the rheological index because its reliability depends on the precise fitting of master curves.
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The arch expansion damage of asphalt pavement is a typical disease in desert Gobi and saline-alkali areas, and the reasons for arch expansion are very complex. Exploring the impact of salt solution on the mechanical and drying shrinkage performances of cement-stabilized macadam helps to clarify the causes of the arch expansion damage. To this purpose, this paper designed a salt solution infiltration experiment, using salt solution infiltration to simulate the transmission and accumulation of salts in cement-stabilized macadam, and carried out the compressive and flexural tests of cement-stabilized mortar and cement-stabilized macadam, and measured the drying shrinkage performance of cement-stabilized mortar and macadam. The results show that the type of salt solution has a significant influence on the weight of the cement-stabilized mortar samples, sulfates will cause the samples to lose weight, while chlorides and mixed solutions cause the increase in weight. Chlorides and sulfates lead to the decrease in the strengths of cement-stabilized mortar and macadam. The salt crystallization will lead to the decline of the drying shrinkage strains of cement-stabilized mortar and macadam, which has a positive action for reducing the drying shrinkage deformation. However, under the combined action of chlorides and sulfates, cement-stabilized macadam expands with the moisture loss. This may be one of the important causes of the arch expansion of asphalt pavement in the Gobi area and saline-alkali area.
Keywords: cement-stabilized macadam, arch expansion, salt erosion, mechanical property, drying shrinkage

1 INTRODUCTION
The subbase layer is an important structure of asphalt pavement, which directly affects the stability, service life, and operational efficiency of the asphalt pavement. The subbase using cement-stabilized macadam has the advantages of high strength, large rigidity, strong integrity, and good stability and durability, therefore, it is a commonly used subbase form for asphalt pavement in many countries. However, salt erosion inside of cement or lime-modified materials can lead to the formation of expansive crystals, resulting in the arching up phenomenon of the road surface. After a period of construction, roads such as the U.S. Route 82, US 67, I-635 (Chen et al., 2005), the main road in Las Vegas (Mitchell, 1986), and the Bush Road in Georgia (Rollings et al., 1999) have all experienced arching up phenomenon, mainly due to the formation of ettringite crystals by sulfate erosion of cement-stabilized materials. Similarly, many roads in Inner Mongolia and Xinjiang, China (Song et al., 2019; Wang et al., 2020) have also exhibited similar diseases about arching up phenomenon. Arching up of the road surface gradually appears 1–2 years after construction, with the highest arching height reaching up to 10 cm. The most severe arching occurred in summer, the spacing of the most severe section is less than 50 m. The arching up phenomenon of the asphalt pavement is generally characterized by the overall uplift of the subbase or the appearance of bumps, which in turn causes the road surface to arch up. The severe bumps on the road surface greatly restricts the road travelling capacity and poses a threat to driving safety (Tang et al., 2020; Tang, 2022). Therefore, it is necessary to carry out research on the damage mechanism of arching up of cement-stabilized macadam.
In order to reveal the mechanism of arching up of asphalt pavement, many scholars have conducted many meaningful works. Huang et al. (2017) found that the pavement surface of the Lina section of the Beijing-Xinjiang Expressway in China appeared to arch up, and the arching up phenomenon occurred in the third year after the construction of the subbase. The longer the continuous construction length of the cement-stabilized subbase, the more the arching ups. Zhang et al. (Zhang, 2018) conducted a disease investigation on the roads in Inner Mongolia, China and found that the degree of pavement surface uplift varied, with a spacing of 10–30 m, and the direction of the uplift was mainly transverse. Wang et al. (Hong, 2019) and Xie et al. (2019) investigated the road sections of the Beijing-Xinjiang Expressway and S312, found that the arching up phenomenon mostly happens in summer. The maximum height of arching part on the Beijing-Xinjiang Expressway was about 20cm, and the maximum height of the arching section in S312 was about 10 cm. The higher the cement content, the more severe the subbase arching up, and the degree of salinization in the subbase at the arching site was high. Yao et al. (2021) pointed out that the arching up of asphalt pavement with cement-stabilized subbase in the desert and Gobi areas of Inner Mongolia were mainly caused by high-temperature expansion and uplift deformation. Temperature has a significant impact on the uplift and cracking of asphalt pavement with cement-stabilized macadam. Under the same thermal condition, the subbase is more prone to expansive than the surface layer. Yao et al. (2020) also designed a test to determine the coefficient of expansion of the cement-stabilized macadam, pointing out that the gradation, cement dosage and curing age have significant impacts on the coefficient of expansion, while the sulfate content has almost no effect on the expansion of cement-stabilized macadam. When the temperature rises from 10°C to 50°C, the coefficient of expansion reaches its maximum. Dai et al. (2021) pointed out that the arching disease of asphalt pavement has spatial regional attributes and is periodic in occurrence. The unconfined compressive strength of the subbase of the section without arching is greater than that of the arching section, and the content of sulfate in the arching section is higher than that of the non-arching section. The crystallization of sulfates has caused damage to the microstructure of the subbase at the arching up site. The combined action of heat and salt is the main cause of the arching up of the asphalt pavement with cement-stabilized subbase in the Gobi areas, and the pavement surface arching is caused by the combined action of temperature and salt expansion caused by sulfate.
Based on the above analysis, it can be seen that the arching of asphalt pavement mostly occurs in desert and Gobi areas, and the probability of arching in saline land areas is greater. The arching of the pavement layer mainly occurs in summer, and gradually stops after entering autumn. Besides, the material strength at the arching site of the road surface will be damaged. Teng et al. (Jidong et al., 2016) pointed out that in areas with very little rainfall and large evaporation, due to the large temperature difference between day and night, the migration of water vapor leads to a significant ‘lid effect’ at the bottom of the surface layer, that is, moisture will accumulate under the asphalt surface layer, which will lead to the continuous accumulation of salts in the subbase and ultimately cause the arching and destruction of the asphalt pavement. The crystallization and precipitation of salts directly related to the evaporation of water. Herein, exploring the impact of salts on the strength and shrinkage performance of cement-stabilized macadam can clarify the cause of the arching up.
In summary, this work determined the optimal moisture content of cement-stabilized mortar and macadam mixture through compaction tests, designed indoor salt erosion orthogonal experiments, measured the mechanical strength of cement-stabilized mortar and macadam mixture after salt erosion, and conducted drying shrinkage experiments, analyzed the drying shrinkage state of cement-stabilized macadam under different salt erosion conditions. The work in this paper confirms the adverse effect of salt erosion on the drying shrinkage performance of cement-stabilized macadam and has good reference significance for improving the design of cement-stabilized macadam in the Gobi area.
2 MATERIALS AND EXPERIMENTAL
2.1 Raw materials
This work conducts the tests using P•O42.5 Portland cement. The properties of the cement are shown in Table 1. The aggregate used in this paper is limestone, and the performances of the macadam are listed in Table 2. The gradations of cement-stabilized mortar and cement-stabilized macadam mixture are shown in Figure 1.
TABLE 1 | Properties of cement.
[image: Table displaying test values for mortar. Indicators include fineness at 2.51 percent, initial setting time at 155 minutes, and final setting time at 223 minutes. Flexural strength is 4.5 MPa at 3 days and 9.0 MPa at 28 days. Compressive strength is 26.1 MPa at 3 days and 51.8 MPa at 28 days.]TABLE 2 | Properties of coarse aggregate.
[image: Table displaying various properties and their values: Apparent specific gravity is two point seven one one, moisture absorption is zero point five three percent, crushing value is nineteen point six percent, Los Angeles abrasion value is seventeen point two percent, and flake and elongated particle content is thirteen point five percent.][image: Line graph comparing passing ratios of cement stabilized mortar and roadbase based on sieve size. The x-axis represents sieve size in millimeters, and the y-axis shows the passing ratio as a percentage. The pink line with squares represents mortar, increasing sharply from 0.3 mm to 1 mm. The blue line with circles represents roadbase, increasing steadily across the same range, peaking at 100%.]FIGURE 1 | Gradations of cement stabilized mortar and macadam.
This experiment uses analytically reagent produced by Tianjin Zhiyuan Chemical Reagent Co., Ltd. to simulate the salt environment in saline soil. The properties of sodium sulfate and sodium chloride are shown in Table 3.
TABLE 3 | Properties of Na2SO4 and NaCl.
[image: Table comparing Na₂SO₄ and NaCl. Na₂SO₄ has a molar mass of 142.04 g/mol, density of 2.664 g/cm³, melting point of 884°C, boiling point of 1429°C, and solubility of 28.1 g/100 mL. NaCl has a molar mass of 58.44 g/mol, density of 2.17 g/cm³, melting point of 802.018°C, boiling point of 1465°C, and solubility of 36.0 g/100 mL.]2.2 Experimental
2.2.1 Salt erosion scheme
Under the influence of salt erosion, the crystallization not only alters the internal pore structure of the cement-stabilized macadam but also causes local expansion damage, thereby inducing changes in the strength of the cement-stabilized macadam. To clarify the changes in mechanical properties and volume stability of cement-stabilized macadam under the influence of salt, a salt solution migration and infiltration method is used to simulate the erosion effect. Since the migration process of salts in saline soil is complex and the salt solution immersion cannot simulate the salt migration phenomenon at road sites, this work uses the infiltration method to simulate the migration effect of salts with water, using a sponge containing salt solution to simulate the underlying road subgrade. The same wet sponge is placed above the specimen to cover it, and the infiltration treatment process of the specimen is shown in Figure 2. Each infiltration lasts for 12 h, followed by the drying at room temperature about 23°C for 12 h, completing one cycle every 24 h. After the infiltration treatment, mechanical property and volume stability tests are conducted.
[image: Two sponge-covered samples are placed in a plastic box with labels indicating the placement: "Sponge containing salt solution," "Sample," and "Plastic box." The sponges are dark brown, and the setup appears in a yellow and blue container.]FIGURE 2 | Salt erosion infiltration process.
This paper uses the orthogonal test to explore the effects of salt type, solution concentration, and erosion cycles on the mechanical properties and drying shrinkage of cement-stabilized macadam. According to existing results (Wang, 2023), the concentration of salt solution is generally between 3% and 10%, and this work adopts salt solution concentrations of 3wt%, 5wt%, and 10wt%. The types of salt solutions include sulfates, chlorides, and the mixed solution of sulfates and chlorides. The upper limit of erosion cycles is set to 5. Based on the design principle of L9(3³), the orthogonal groups can be determined, as shown in Table 4.
TABLE 4 | Orthogonal test groups.
[image: A table displays experimental conditions with five columns: number, solution concentration (percent), solution type, erosion cycles, and level combination (C). It lists nine entries with varying concentrations of sodium sulfate, sodium chloride, or mixed solutions, ranging from three to ten percent. Erosion cycles vary from one to five. Level combinations are labeled with identifiers such as \(A_1B_{11}\) and \(A_3B_{32}\).]Based on the condition of the lowest mechanical strength of cement-stabilized mortar in the orthogonal experiment as the most unfavorable condition, in addition, most areas of saline-alkali land contain sulfates and chlorides, it is also necessary to investigate the impact of mixed salts on the stability of cement-stabilized macadam. Therefore, this work carries out salt erosion treatment for cement-stabilized macadam under the following conditions, as shown in Table 5.
TABLE 5 | Experimental conditions for cement-stabilized macadam.
[image: Table showing solution concentrations and erosion cycles. Column A: Solution concentration; Column B: Solution type; Column C: Erosion cycles. Row 1: 0%, No salt, 0 cycles. Row 2: 10%, Sodium chloride solution, 5 cycles. Row 3: 10%, Mixed solution, 5 cycles.]2.2.2 Ion titration method
To evaluate the distribution of salts in the specimen after the migration of the salt solution, the silver nitrate titration method is used to determine the content of NaCl, and the ethylene diamine tetraacetic acid (EDTA) complexometric titration method is used to determine the concentration of Na2SO4, in accordance with the Chinese specification JTG 3430-2020 (Ministry of Transport’s Research Institute of Highway RIH, 2021). Samples are taken from different parts of the specimen, as shown in Figure 3. The preparing process of test solution is shown in Figure 4.
[image: A textured surface with three sections marked by the numbers one, two, and three in orange. Each number is evenly spaced from left to right.]FIGURE 3 | Schematic diagram of sampling positions.
[image: Diagram showing three steps of a process: 1. Grinding in a mortar. 2. Centrifugal separation in a machine with controls. 3. Resulting test solution in a conical flask on paper. Arrows connect steps.]FIGURE 4 | Preparation of test solution.
The silver nitrate titration method is used to determine the chloride ion content of the test solution. Methyl orange is used as an indicator, and 0.02 mol/L NaHCO3 is added until the solution turns pure yellow, ensuring a pH value of 7. Six drops of K2CrO4 with the 5% molar concentration are added as chemical indicator, and the silver nitrate standard solution is titrated until brick-red precipitate forms. The consumed volume of AgNO3 solution is recorded. The entire titration process is shown in Figure 5. The chloride ion content is calculated using the Equations 1, 2.
[image: Chemical equation for calculating concentration in millimoles per kilogram: \( C = \frac{V \times C}{m} \times 1000 \).]
[image: Mathematical formula for percentage calcium fortification: \(CF(\%) = CF(\text{mmol/kg}) \times 0.0355 \times 10^{-1}\).]
[image: Laboratory setup with two steps for a chemical reaction. In the first image, yellow solution in a flask is adjusted with NaHCO₃ to alter pH. The second image shows a solution in a conical flask turning brick red after AgNO₃ is added dropwise.]FIGURE 5 | Chloride ion titration test procedure.
Where, c represents the concentration of the silver nitrate solution, mol/L; v represents the volume of the titrated solution, mL; m is the dry weight of the mixture taken from the volume of the leachate, g.
The EDTA indirect complexometric titration method is used to determine the sulfate ion content of the test solution. The specific procedure can refer to the standard JTG 3430-2020. After the titration, the content of sulfate ions is calculated according to Equations 3, 4.
[image: Equation representing the concentration of sulfate ions, SO₄²⁻, in millimoles per kilogram: \((\text{mmol}_{1/2}\text{SO₄}^{2-}/\text{kg}) = \frac{2c(V_T + V_3 - V_I)}{m} \times 1000\), labeled as equation 3.]
[image: Equation showing the calculation of sulfate ion percentage: \(\text{SO}_4^{2-}(\%) = \text{SO}_4^{2-}\left(\frac{\text{mmol} \cdot \text{L}^{-1} \cdot \text{SO}_4^{2-} / \text{kg}}\right) \times 0.0480 \times 10^{-1}\).]
Where, c is the concentration of the EDTA standard solution, mol/L;m represents the weight of dry mixture corresponding to the sodium sulfate content in the leachate, g. V1 represents the volume of EDTA solution consumed when the standard solution changes from a wine-red to a pure blue color during titration, ml; V2 represents the volume of EDTA solution consumed when the blank control group solution changes from a wine-red to a pure blue color during titration, ml; V3 represents the volume of EDTA solution consumed during titration of the test solution, ml.
2.2.3 Mechanical performances test
To evaluate the effect of salt erosion on the strength of cement-stabilized mortar and cement-stabilized macadam mixture, compressive and flexural tests were conducted. According to the Chinese standard GB/T 17,671-2021 (Standardization Administration of ChinaSAC, 2021), cement-stabilized mortar specimens with a dimension 40 mm × 40 mm × 160 mm are molded using a static compression method and cured in an environment of 20°C and 95% relative humidity. Tests are performed at the age days. The loading rate for the flexural test of cement-stabilized mortar is 50N/s, and each group of experiments is conducted with three replicates. Compressive tests are performed using the failure samples from the flexural test, with a loading rate of 2.4 kN/s for the compressive test. It should be noted that for the 7-day test, the specimens should be soaked in water on the last day of curing. The flexural and compressive strengths are determined using Equation 5.
[image: Mathematical formula displaying R subscript f equals the fraction with 1.5 multiplied by F subscript r multiplied by L in the numerator and b cubed in the denominator, labeled equation five.]
Where, Rf is the flexural strength, MPa;Ff represents the failure load. N; L represents the support span of the beam specimen, mm; b represents the width of the specimen’s cross section, mm.
[image: Equation six shows that R subscript c equals F subscript c divided by A.]
Where, Rc is the compressive strength, MPa;Fc represents the failure load, N; A is the area bearing the compressive load, mm2.
In addition, to evaluate the impact of salt erosion on the strength of cement-stabilized macadam, cylindrical specimens with dimensions of Φ150 mm × 150 mm were prepared using the compaction method according to JTG 3430-2020. After curing, the specimens were subjected to salt erosion treatment and their compressive strength was tested. The loading rate was 1 mm/min, and the compressive strength was calculated according to Equation 6.
2.2.4 Drying shrinkage test
The migrating of salt solution into cement-stabilized macadam not only affects its strength, but also, after the evaporation of water, salt crystallization occurs, generating crystallization pressure that causes volume expansion of the cement-stabilized macadam. In contrast, cement-stabilized macadam without salt will undergo drying shrinkage as water evaporating. For the mixture containing salt solution, the expansion effect caused by salt crystallization and the drying shrinkage are coupled. Therefore, this paper carries out drying shrinkage test on cement-stabilized mortar and cement-stabilized macadam to clarify the expansion of cement-stabilized macadam mixtures affected by salt erosion.
The specimens of cement-stabilized mortar with dimension of 40 mm × 40 mm × 160 mm were prepared in lab, and the specimens of cement-stabilized macadam with dimension of 100 mm × 100 mm × 400 mm also were prepared. After the compaction, they are cured in an environment with a temperature of 20°C ± 1°C and a relative humidity above 95% for 7 days, and then placed in an environment with a temperature of 20°C ± 2°C and a relative humidity of 50% ± 5% for shrinkage tests. Due to the rough surface of the beam specimen, if the dial indicator is directly in contact with the specimen surface, the dial indicator is very susceptible to disturbance. Therefore, organic glass plates are glued to both ends of the specimens to ensure good contact between the dial indicator and the glass plates.
The moisture loss and drying shrinkage coefficient can be determined using Equations 7–10.
[image: It seems there's no image provided. Please upload the image or provide a URL, and I will help generate the alt text for it.]
[image: Equation showing \( \delta_{i} = \sum_{j=1}^{2} X_{i,j} - \sum_{j=1}^{2} X_{i+1,j} \), labeled as equation 8.]
[image: Mathematical expression showing "click" triple equals sign defined as positional change or error, delta subscript x divided by parameter within parentheses nine.]
[image: It seems there might have been an error in attaching the image. Please try uploading the image again, and make sure the file is correctly attached. If you have any additional context or a caption, feel free to include that as well.]
Where, mi, mi+1 represent the specimen weight at the ith and (i+1)th weighing, respectively. mp refers to the weight of the specimen after drying. δi is the drying shrinkage deformation at the ith measurement, mm. Xi,j and Xi+1,j represent the dial reading value of the jth dial indicator at the ith and (i+1)th measurement, respectively, mm°εi is the shrinkage strain at the ith measurement. l represents the length of the specimen, mm;αdi represents the shrinkage coefficient of the ith test; %; ωi represents the moisture loss of the specimen at the ith measurement, %.
3 RESULT AND DISCUSSIONS
3.1 Determination of the optimal moisture content
According to the specifications (Ministry of Transport’sResearch Institute of Highway RIH, 2021) and experience, the amount of cement used in this paper is 5%. Due to the abundance of fine aggregates in the cement-stabilized mortar, the moisture content of 6%–10% is selected for the compaction test; whereas the coarse aggregates in cement-stabilized macadam have a low specific surface area, hence the moisture content of 3%–7% is chosen for the compaction test. The diameter of the sample is 152 mm, and each layer of the mixture is compacted 98 times. The dry densities of the cement-stabilized mortar and the cement-stabilized macadam were measured, as shown in Figure 6.
[image: Graph showing the relationship between moisture content and dry density for two materials: cement stabilized mortar and cement stabilized macadam. The x-axis represents moisture content in percent, and the y-axis represents dry density in grams per cubic centimeter. Two parabolic curves are present. Cement stabilized mortar shows a peak at around 6.5 percent moisture, with a dry density of about 2.5. Cement stabilized macadam has a lower density, peaking at roughly 9 percent moisture. Equations and R-squared values are provided for each curve, indicating a strong correlation for both.]FIGURE 6 | Dry density of compaction test.
From Figure 7, it can be seen that the dry density first increases and then decreases with the increase of moisture content. Based on the principle that the higher the dry density, the greater the load-bearing capacity of the mixture, the moisture content and density corresponding to the peak point are the optimal content and maximum dry density. Therefore, it can be determined that the optimal moisture content for cement-stabilized mortar is 7%, and the maximum dry density is 1.95 g/m³. The optimal moisture content for cement-stabilized macadam is 5%, and the maximum dry density is 2.504 g/cm³. Cement-stabilized mortar and cement-stabilized macadam mixtures are prepared according to the optimal moisture content. Flexural and compressive strengths are tested to determine whether they meet the strength requirements for the use in road engineering. The results are listed in Table 6. The data in the table show that the unconfined compressive strength of cement-stabilized macadam prepared with 5% cement after 7 days exceeds 5 MPa, meeting the strength requirements of the Chinese specification JTG D50-2017 (Ministry of Transport’s Research Institute of Highway RIH, 2017), meaning that the amount of cement selected in this paper is feasible.
[image: Diagram showing four panels of cement-stabilized mortar conditions. Top left: Untreated mortar with fine aggregates. Top right: Mortar with cations Cl⁻, SO₄²⁻, Na⁺; weakened hydration reaction. Bottom left: Micro-cracks appear due to salt crystallization. Bottom right: Further crystallization expansion causes more micro-cracks.]FIGURE 7 | Strength decay mechanism of cement stabilized mortar.
TABLE 6 | Strength of cement-stabilized mortar and macadam.
[image: Table comparing cement-stabilized mortar and macadam. It shows mean, standard deviation (SD), and coefficient of variation (CV) for flexural and compressive strength at 7 and 28 days. Mortar has a mean flexural strength of 1.81 MPa at 7 days and 2.25 MPa at 28 days. Compressive strength is 7.26 MPa at 7 days and 7.76 MPa at 28 days. Cement-stabilized macadam has a compressive strength of 5.45 MPa at 7 days with no flexural strength data provided.]3.2 Weight changing and strength of cement-stabilized mortar
During the salt solution infiltration process, due to the capillary action, cement-stabilized mortar and cement-stabilized macadam will absorb the salt solution as the time extends, thereby causing changes in the weight of the mixture. The results of the weight changing after salt solution treatment are listed in Table 7.
TABLE 7 | Weight changing of cement-stabilized mortar.
[image: Table displaying solution concentration (%), solution type, infiltration cycles, and weight change (%) for nine samples. Solutions include sodium sulfate, sodium chloride, and mixed solutions at concentrations of 3%, 5%, and 10%, with infiltration cycles ranging from 1 to 5. Weight change values vary from negative to positive, indicating increases and decreases.]As shown in Table 7, the weight changing of cement-stabilized mortar to different solutions is not consistent. It should be noted that specimens containing sulfate solution experience a reduction in weight, while those infiltrated in chloride and mixed solutions both result in an increase in weight. The decrease of the specimen weight primarily due to the erosion of the specimen surface by the sulfate solution, which leads to the detachment of some materials. The detachment does not occur in the case of chloride and mixed solutions. Comparing the six groups where the weight changing is greater than zero, the highest moisture absorption is for the group #3, reaching 2.71%, while the lowest is for group #8, at only 0.68%, the maximum absorption is approximately four times that of the minimum. Thus, the concentration of the solution, the solution type, and the infiltration cycles can lead to significant differences in the weight changing. This further leads to variations of salt concentration inside the mixture, which in turn affects the mechanical properties of the cement-stabilized mixture.
Salt solutions can cause physico-chemical erosion effects on cement-stabilized mixture, leading to a reduction in strength. Therefore, this paper measured the compressive and flexural strengths of cement-stabilized mortar, the results is listed in Table 8. It should be clarified that after curing the specimens for 7 days, they are subjected to infiltration, and their strength is measured after the soaking treatment.
TABLE 8 | Strengths of cement-stabilized mortar.
[image: Table displaying compressive and flexural strengths in megapascals (MPa) across nine numbered categories. Compressive strength mean values range from 2.29 to 9.00 with standard deviations between 0.03 and 0.15. Flexural strength mean values range from 1.03 to 4.57 with standard deviations between 0.03 and 0.12.]As listed in Table 8, it can be seen that salt solution erosion has a significant impact on the strength of cement-stabilized mortar, with compressive strength ranging from 2.29 to 9.0 MPa, and flexural strength ranges from 1.03 to 4.57 MPa. The maximum compressive strength is 3.9 times the minimum, while the difference in flexural strength is more pronounced, with the maximum flexural strength being 4.4 times the minimum. This indicates that the impact of salt solution erosion on flexural strength is significant, suggesting that after salt solution migration into cement-stabilized macadam, the flexural strength decays more rapidly, leading to premature cracking in the cement-stabilized subbase layer. Compared with the untreated cement-stabilized mortar, for groups #1 and #6, the compressive strength has already exceeded the 28-day compressive strength of the control group, indicating that the salt erosion has a positive role in the compressive strength of cement-stabilized mortar. Both groups of mixtures also have higher flexural strength than the 28-day flexural strength of the control group. It is found that all these groups contain sodium sulfate solution, and the solution concentration does not exceed 5%. Therefore, it is inferred that when the concentration of sulfate is low, it has a certain strengthening effect on cement-stabilized mortar, which can increase the compressive strength by up to 1.16 times. Zhang et al. (Zhang et al., 2022) indicated that the porosity of cement-stabilized macadam declined with the extension of drying period. It means that the few crystal particles just fill the micro-pores inside the mortar, making the mixture more compact, which is manifested as an increase in compressive strength. For groups #2-#5 and #7-#9, the compressive strengths all decrease after salt erosion. On the one hand, the corrosive effect of chloride salts affects the cement hydration reaction, leading to reduced hydration. On the other hand, the higher concentration of salt solution results in more salt crystal particles precipitating, and the massive crystal precipitation generates expansion and pressure, causing micro-cracks and damage inside the mortar, ultimately leading to a decrease in the compressive strength. The specific mechanism of strength decay is shown in Figure 7.
It can be found that the weight changes in the infiltration process, the compressive and flexural strengths also influenced by salt solution. But the significance what affects these properties is unknown. For this purpose, statistical analysis methods were used to evaluate the significance of solution concentration, solution type and infiltration cycles. The significance level (α) employed in this investigation was 0.05. The F-test, Levene’s test and Welch’s test were performed according to a confidence level of 95%. It should be noted that before conducting variance analysis, Levene’s test is first used to determine whether there is a significant difference in variance between the test data. If the p-value of Levene’s Test is less than 0.05, the variances among different data groups are significantly different, and in this case, Welch’s test should be conducted. Conversely, when the p-value of Levene’s Test is greater than 0.05, it is believed that there is no significant difference in variance, and an F-test can be performed. If the p-value of the F-test is less than 0.05, it is considered that the source of variance has a significant impact on the test indicator. The analysis results were listed in Table 9.
TABLE 9 | Statistical analysis on the properties of cement-stabilized mortar (α = 0.05).
[image: Table showing statistical analysis results for weight changing, compressive strength, and flexural strength. Variables include solution concentration, solution type, and infiltration cycles, with corresponding p-values for Levene's test, F-test, and Welch's test. Significance is noted as "Yes" or "No."]The statistical results from Table 9 indicate that the effect of salt solution concentration on the weight of the samples follows the F-test, while the effects of solution type and infiltration cycles on flexural strength also conform to the F-test. The influence of solution concentration, solution type, and infiltration cycles on compressive strength all follow the Welch test. Based on the p-value of the hypothesis test, the solution type has a significant impact on the change in the weight of the samples, and the solution concentration, solution type, and infiltration cycles all have significant impacts on the compressive and flexural strengths of cement-stabilized mortar.
3.3 Weight changing and strength of cement-stabilized macadam
The weight changing of the cement-stabilized macadam is shown in Figure 8.
[image: A bar chart illustrates moisture absorption percentages for three groups. Group 1 shows 0.46%, Group 2 shows 0.86%, and Group 3 shows 1.16%. Each bar includes error bars.]FIGURE 8 | Weight changing of cement-stabilized macadam.
As described in Figure 8, the weight changing of the cement-stabilized macadam mixture varies with the type of salt solution. Since the weight change is greater than zero, it indicates that the cement-stabilized macadam has absorbed moisture during the infiltration treatment process. In conjunction with the groups in Table 5, it can be seen that the mixture absorbs the most water when subjected to infiltration in a mixed solution. The moisture absorption of specimens infiltrated with a sodium chloride solution is higher than that of pure water. Since the internal pore structure of the cement-stabilized macadam mixture is essentially consistent under the standard compaction, the volume of water absorbed by the mixture also is consistent; the higher the concentration of the solution, the greater the specific gravity of the solution, thus leading to an apparent increase in the moisture absorption. Comparing the weight changing of cement-stabilized macadam and mortar reveals that the moisture absorption of the cement-stabilized macadam is lower than that of the cement-stabilized mortar. This is because the cement-stabilized mortar is composed of fine particles with a larger specific surface area and stronger capillary absorption within, resulting in a higher moisture absorption. This also indirectly proves that using a coarse gradation can reduce the moisture absorption of the cement-stabilized macadam, thereby decreasing the probability of drying shrinkage and cracking caused by moisture fluctuation in the subbase layer. The compressive strength of cement-stabilized macadam mixture after solution treatment is listed in Figure 9.
[image: Bar chart showing compressive strength in megapascals for three groups. Group #1 has the highest strength at 5.1 MPa, followed by Group #2 at 4.1 MPa, and Group #3 at 3.6 MPa.]FIGURE 9 | Compressive strength of cement-stabilized macadam.
From Figure 9, it can be observed that the compressive strength of group #1(control) is the highest, reaching 5.1MPa, followed by group #2, with group #3 being the lowest. Compared with the samples that have not undergone salt solution treatment, the sodium chloride solution treatment (#2) resulted in a 19.6% reduction in the compressive strength, while the mixed solution caused a 29.4% decrease in the strength of the cement-stabilized macadam. So, the mixed solution has the most significant impact on the compressive strength of the cement-stabilized macadam. The reduction in compressive strength is mainly due to the dissolution of some calcium aluminate hydrates in the cement by the chloride salts, and the crystallization pressure induced by the crystallization of salts leading to the formation of micro-cracks. The salt crystallization phenomenon is evident on the surface of the samples.
3.4 Effect of salt erosion on drying shrinkage performance
From the analysis in Section 3.2, 3.3, it can be seen that the salt solutions will produce a corrosive effect, and the crystallization of salts will generate expansive pressure, both of which lead to a decrease in the strength of cement-stabilized mortar and cement-stabilized macadam. For cement-stabilized materials, shrinkage occurs with the moisture loss, and salt-containing cement-stabilized macadam will simultaneously undergo shrinkage and crystallization expansion. To clarify the impact of salt erosion on the drying shrinkage performance of cement-stabilized mortar and cement-stabilized macadam, the shrinkage performance of cement-stabilized mortar and cement-stabilized macadam was measured, and the test results are shown in Figure 10.
[image: Line graph showing shrinkage strain over time for different samples. The x-axis represents time in hours, ranging from 0 to 200. The y-axis represents shrinkage strain (multiplied by 1,000), ranging from 0 to 2,000. Various lines, each representing a different sample including a control, show increasing strain over time.]FIGURE 10 | Shrinkage strain of cement-stabilized mortar.
As described in Figure 10, it can be observed that compared to the control group, the shrinkage strains at 168 h of groups #1 to #9 have all decreased, indicating that the salt solution treatment reduced the degree of drying shrinkage of the cement-stabilized mortar. During the dehydration and shrinkage process, the crystallization of salts generated expansive pressure, causing the cement-stabilized mortar to expand. However, the expansion effect did not change the fundamental characteristic of the mortar undergoing shrinkage. By comparing the shrinkage strain of groups #1 to #9, it can be seen that the shrinkage strain of groups #7 to #9 is significantly smaller than that of the control group, about one-third of the strain of the control group. These three groups had a salt solution concentration of 10%, thus it can be seen that the higher the concentration of the salt solution, the stronger the crystallization expansion, leading to a significant reduction in drying shrinkage strain. If the minimum shrinkage strain is taken as the criterion, then salt erosion has a positive effect on reducing the shrinkage degree.
Considering the actual service state of subbase layer, salts gradually migrate day by day, and multiple salt erosions lead to a decline in the performance of cement-stabilized mortar, which involves complex physical and chemical processes. During the erosion processes, phenomena such as salt accumulation, crystal formation, dissolution of cement-based materials, and internal structure damage occur, which are the main reason for strength degradation. In this paper, when evaluating the shrinkage performance of cement-stabilized macadam, Infiltration cycles were set to 5. The drying shrinkage strain and moisture loss of cement-stabilized macadam are shown in Figure 11.
[image: Graph showing shrinkage strain and moisture loss over 100 days. Five datasets compare different conditions: three for shrinkage strain and two for moisture loss. Shrinkage strain increases over time, while moisture loss also rises. Each dataset is marked by distinct symbols and colors, with separate axes for shrinkage strain (left, pink) and moisture loss (right, blue).]FIGURE 11 | Shrinkage strain and moisture loss of cement-stabilized macadam.
As shown in Figure 11, the drying shrinkage strain of the control group (#1) gradually increases with the extension of the drying time and approaches stable after reaching 60 days, with no further increase in shrinkage strain. This is consistent with the test results of Tran et al. (2021). Throughout the whole test process, the cement-stabilized macadam of the control group (#1) continues to shrinkage. The mixture treated by the solution of sodium chloride undergo shrinkage deformation in the early stage (not exceeding 20 days), and as the drying time extends, the shrinkage strain begins to gradually decrease, indicating that the mixture has generate expansion deformation, which is caused by the crystallization of salts due to the moisture loss. After the macadam was treated by the mixed salt solution (#3), the cement-stabilized macadam undergoes expansion strain, and this expansion strain gradually increases with the extension of the drying time. The expansion strain gradually stabilizes, reaching 147 × 10−6 after 60 days. Comparing the three groups, it can be determined that the effect of chloride components on the shrinkage of cement-stabilized macadam has a lag, and although expansion strain has occurred, the mixture still shows a general shrinkage characteristic. The coupled action of sulfates and chlorides will lead to a large expansion strain in the cement-stabilized macadam mixture, which is not conducive to maintaining the stability of the cement-stabilized subbase layer. When the cumulative expansion strain exceeds the limit of material, the subbase layer will arch up. Therefore, it is reasonable to infer that in saline areas, the arching up and bulging damage of asphalt pavement is closely related to the combined action of sulfates and chlorides.
From Figure 11, it can also be seen that the moisture losses of the specimens for three groups follow the same trend, with the maximum moisture loss at 90 days being about 3.6%. Thus, the moisture loss of the cement-stabilized macadam will not undergo significant changes under the same environmental condition. However, the salts that entering the mixture will gradually crystallize and precipitate as the increase of moisture loss, and different types of salts have significant impact on the drying shrinkage of the cement-stabilized macadam. To determine the shrinkage coefficient of the cement-stabilized macadam, a linear fitting was performed on the shrinkage strain, and the process is shown in Figure 12. Results are listed in Table 10.
[image: Scatter plot showing shrinkage strain versus moisture loss for three groups. Group #1 is marked with red, Group #2 with purple, and Group #3 with green. Each group shows a linear trend with varying slopes: Group #1 increases, Group #3 decreases, and Group #2 is relatively flat.]FIGURE 12 | Shrinkage strain vs. moisture loss.
TABLE 10 | Drying shrinkage coefficient.
[image: Table displaying data on drying shrinkage coefficients. For No. 1, fitting numbers 1 and 2 have coefficients 91 and 56, with R-squared values 0.946 and 0.915, respectively. No. 2, fitting number 3, has a coefficient of -118 and an R-squared value of 0.971. No. 3, fitting number 4, has a coefficient of -76 with an R-squared value of 0.938.]From Figure 12, it can be observed that for the control group (#1), the shrinkage strain gradually increases with the increase of moisture loss, and it continues to show a trend of shrinkage throughout the test period. However, for group #2 treated by sodium chloride solution, an obvious shrinkage pattern is exhibited in the initial stage of moisture loss. When the moisture loss exceeds 2.5%, the shrinkage strain begins to decrease, indicating that the sample has transitioned from a shrinkage mode to an expansive mode. At this point, due to the significant moisture loss, the proportion of salt crystallization increases, leading to expansion strain, which offsets part of the shrinkage strain. For group #3, the expansion is evident from the initial stage of moisture loss. The results in Table 10 show that the R2 for the linear fitting is greater than 0.9, indicating that the expansion caused by salt crystallization and shrinkage present a linear relationship with the moisture loss, consistent with the shrinkage pattern of commonly cement-stabilized macadam (Tran et al., 2021). Comparing the shrinkage coefficients of fitting ① and ②, it can be seen that sodium chloride helps to reduce the shrinkage coefficient of cement-stabilized macadam, and chloride salts may have a positive effect in reducing the shrinkage cracks of the cement-stabilized macadam mixture. However, when the moisture loss reaches 2.5%, the amount of sodium chloride crystallization continuously increases, leading to a significant expansion in the cement-stabilized macadam (fitting ③). The expansion effect is greater than the shrinkage according to the absolute value of the shrinkage coefficient. The samples infiltrated with a mixed solution exhibit an expansion from the initial stage of moisture loss, once again proving that the coupling of sodium chloride and sodium sulfate will have an adverse influence on the volume stability of cement-stabilized macadam. Comparing the shrinkage coefficients in Table 10, the chloride salts will lead to a reduction in shrinkage, while the coupling action of sodium chloride and sodium sulfate will lead to expansion of cement-stabilized macadam. In saline areas, if the content of chloride and sulfate in the subbase layer continuously increases, it inevitably causes expansion due to salt crystallization and precipitation. When the expansion strain exceeds the limit of the subbase layer, the pavement will bulge, resulting in road arching up. Therefore, it can be inferred that the arching up of the asphalt pavement in saline areas is closely related to the salt type and concentration. The combined action of chloride and sulfate salts is the main reason of road arching up.
3.5 Ions concentration in cement-stabilized mortar
The content of SO42- and Cl− in the cement-stabilized mortar was determined by titration, as listed in Table 11.
TABLE 11 | Content of SO42- and Cl− in cement-stabilized mortar.
[image: Table displaying the percentage content of sulfate (SO4^2-) and chloride (Cl^-) across three areas, with mean and standard deviation (SD) values for each ion. Rows indicate sample numbers from one to nine, with various entries empty or filled, reflecting different concentrations.]From Table 11, it can be determined that both the sulfate ion content and the chloride ion content exhibit a characteristic of higher concentrations at the ends and lower concentrations in the middle of the specimen, which may be caused by the microstructure of the cement-stabilized mortar. During the sample molding process, due to the boundary effect of the mold, the compaction degree at both ends of the sample is lower than that of the central area, leading to an increase in micro-pores and a stronger capillary action, which is conducive to the rapid migration of the salt solution, manifesting as a higher ion content at the ends. Comparing the conditions of groups #1 to #9, the ion concentration increases with the increase of solution concentration and also gradually increases with the infiltration cycles. The relationship between ion content and the strength of cement-stabilized mortar is shown in Figure 13.
[image: Two scatter plots labeled A and B comparing the effects of SO2 and Cl content on compressive and flexural strengths. Plot A shows a negative correlation between SO2 content and both compressive (red) and flexural strength (blue), with equations y=-4.82x+9.57 (R²=0.89) and y=-2.78x+4.04 (R²=0.70). Plot B shows similar negative trends between Cl content, compressive (green), and flexural strength (purple), with equations y=-1.43x+3.30 (R²=0.22) and y=-7.68x+7.75 (R²=0.24). Axes are labeled with strength (MPa) and chemical content (%).]FIGURE 13 | Correlation between the strength and ion content. (A) strength VS SO42-; (B) strength VS Cl-.
From Figure 13A, it can be seen that there is a good linear correlation between the compressive and flexural strengths of cement-stabilized mortar and the content of SO42-. The slope of linear fitting indicates that the decay rate of compressive strength is greater than that of flexural strength, suggesting that compressive strength is more sensitive to changes in SO42-. Figure 13B shows that chloride salts also lead to a decline in the strengths, but there is a general correlation between chloride ion content and strength, which may be due to the coupling effect caused by coexisting sulfates. Comparing Figures 13A, B, the variation in chloride ion content has significant impact on the compressive and flexural strengths of cement-stabilized mortar, as the decay rate of both strengths with the chloride ion is greater than that of sulfate ions.
4 CONCLUSION
This paper investigates the impact of salt erosion on the mechanical properties and shrinkage performance of cement-stabilized macadam, and determines the internal chloride and sulfate ion concentrations of cement-stabilized mortar through ion titration experiments, analyzing the salt erosion damage mechanism. The following conclusions can be drawn from this study.
	• During the infiltration process, the type of salt solution has different effects on the weight change of cement-stabilized mortar, sulfate solution causes a reduction in sample weight, while chloride solution and mixed solutions lead to an increase in sample weight.
	• Salt solution will lead to a decrease in the strength of cement-stabilized mortar and cement-stabilized macadam, with the strength of cement-stabilized mortar potentially dropping to 22.7% of the control group, and the strength of cement-stabilized macadam potentially dropping to 71% of the control group. In saline areas, the transport and accumulation of chloride and sulfate salts will have adverse effects on the strength of cement-stabilized subbase layer, leading to a significant decrease in strength.
	• The migration of salt solution into the cement-stabilized macadam mixture changes the drying shrinkage properties, causing it to expand during the drying process. When the moisture loss is sufficiently high (exceeding 2.5%) or the salt solution concentration is high, the cement-stabilized macadam transitions from shrinkage to expansion. This can lead to the arching disease of the cement-stabilized subbase layer.
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Waste slurry is a major component of construction waste, and its resource utilization can effectively reduce its environmental impact. The effect of polyacrylamide (PAM) content and moisture content on the strength characteristics of PAM modified cement stabilized construction waste slurry (PCMS) was studied using unconfined compressive strength (UCS) and triaxial tests. It can be concluded that, 1) The UCS of PCMS increases with the increase of curing age and significantly decreases with the increase of moisture content. As the content of PAM increases, it first increases and then decreases, with UCS reaching its maximum at a PAM content of 0.5%. 2) When the moisture content is 50%, PAM can increase the elastic modulus of PCMS. When the content of PAM is 0.5%, the elastic modulus reaches its maximum value. When the moisture content is 80% and 100%, the effect of PAM on the elastic modulus of PCMS is not significant. 3) The addition of PAM can improve the shear strength of PCMS. Under the same confining pressure, the shear strength of PCMS increases first and then decreases with the increase of PAM content, and the optimal content is 0.5%. 4) The variation pattern of PCMS cohesion is basically consistent with the shear strength. PAM improves the shear strength of PCMS by enhancing its cohesion. The addition of PAM has a relatively small impact on the internal friction angle of PCMS. These findings provide valuable insights for research into modification technology and the resource utilization of construction waste slurry.
Keywords: construction waste slurry, polyacrylamide, moisture content, unconfined compressive strength, shear strength

1 INTRODUCTION
In recent years, with the advancement of urbanization, numerous construction projects have begun. However, the amount of engineering waste generated has also increased significantly. These engineering wastes not only cause serious waste of resources, but also pollute the environment, which is a difficult problem to be solved in future urban construction. Construction waste slurry is a serious engineering waste in construction, which is a suspended system composed of water, bentonite particles, cohesive soil particles, and additives (Sun et al., 2023; Sun et al., 2024). Slurry as an auxiliary material in engineering, plays an indispensable role in the construction process of foundation engineering. However, after multiple cycles of use, a large amount of waste slurry will inevitably be generated. Waste slurry on construction sites often occupies construction land, affecting the environment and progress of the construction site. Unreasonable discharge treatment can also lead to serious environmental pollution (Chen et al., 2022; Wang D. et al., 2023).
Although slurry plays a significant role in engineering construction, the disposal of excess mud and waste slurry has always been a major challenge for people. At present, the methods for treating waste slurry include direct discharge method, incineration method, chemical solidification method, mechanical treatment method, and chemical flocculation precipitation method (Ye et al., 2023; Jiang et al., 2021a; Jiang et al., 2021b; Jiang et al., 2019; Jiang et al., 2022). The direct discharge method and incineration method cannot recycle and reuse slurry and cause pollution to the environment. The mechanical processing method has limited processing scope and can only handle the separated soil. The chemical flocculation precipitation method has poor treatment effect on high-density slurry, and the solid phase of the slurry is not easy to coagulate and precipitate. The chemical solidification treatment method directly adds a solidification agent to the slurry, improving its properties and facilitating the resource utilization of waste slurry (Grohs, 2002; Li et al., 2019; He et al., 2020). In the initial research on curing agents, only ordinary Portland cement was generally added as the curing agent. However, adding cement alone as a curing agent poses issues such as carbon dioxide emissions and adverse effects on the strength and durability of the solidified material (Ma et al., 2019; Craeye et al., 2011; Lin and Zhang, 2016).
At present, there has been a continuous emergence of research on the modification of slurry by adding curing agents, and many research results have been achieved. Wang et al. (Wang Q. et al., 2023) used water glass solution and carbide slag as activators to study the solidification effect of fly ash on waste slurry. The research results indicate that when the ratio of carbide slag to water glass is 6:4, the strength of the cured product after 28 days can reach 2.2 MPa. Wang et al. (Wang et al., 2024) used kaolin, slag, and carbide slag to solidify waste slurry in engineering projects. This composite curing agent can achieve a 7-day strength of 3 MPa for cured specimens. Katsioti et al. (Katsioti et al., 2008) found that when cement: bentonite = 0.6:0.4, the best solidification effect of waste slurry was achieved, with a compressive strength of 350 kPa at 28 days. Xu H. et al., 2023) mixed slag and carbide slag to solidify the slurry soil and found that the compressive strength of the modified slurry soil after 7 days could reach 3.73 MPa when the mixed amount of binder was as high as 25%. However, they found that as the wet dry cycle progressed, the strength loss of modified slurry soil with a longer curing period was actually faster. Cao et al. (Cao et al., 2006) conducted indoor experiments by adding different proportions of lime, soil, and fly ash to slurry, and studied the engineering properties of solidified slurry under different mix ratios. The study found that under appropriate mix ratios, the strength of solidified slurry met the requirements of landfill, and the permeability was also greatly improved. Yang et al. (Yang et al., 2017) used lime as the main agent and cement and gypsum as auxiliary agents to improve Tianjin coastal soft soil. The experimental results showed that using unconfined compressive strength as the standard for determining the solidification effect, the optimal cement content only changed with different lime content. For example, in 12% lime solidified soil, a cement content of no more than 3% can best improve the strength of lime solidified soil. Gypsum cannot improve the strength of soil and can lead to poor water stability and cracking when exposed to water. Although inorganic curing agents have been effective in solidifying waste slurry, due to the high moisture content of waste slurry, direct addition of inorganic curing agents not only increases the proportion of cured materials, but also the strength of cured products is usually not high (Shao et al., 2018; Zhang et al., 2022).
Flocculation and dehydration of waste slurry is usually an economically reasonable approach. It is crucial to choose efficient flocculants in order to reduce the moisture content of waste slurry. Therefore, many researchers have made tremendous efforts to find suitable flocculants. Xiao et al. (Xiao et al., 2021) prepared three flocculants with different functional groups to coagulate wastewater containing heavy metal ions. The research results indicate that the magnetic carboxymethyl chitosan flocculant (MCAA) grafted with 2-acrylamide-2-methylpropane sulfonic acid copolymer has a good flocculation effect. Patra et al. (Patra et al., 2020) used branched starch as a flocculant to treat coal suspension and found that this flocculant has a good effect and helps with rapid settling. Flocculants can not only promote the settling of suspended particles and achieve solid-liquid separation, but also have the effect of solidification enhancement. Tong et al. (Tong et al., 2021) added ion curing agents to iron tailings and natural soil, and found that the compressive strength of the mixed material first increased and then stabilized with the increase of ion curing agent dosage.
Polyacrylamide (PAM) is a water-soluble polymer, white powder, insoluble in most organic solvents, and is a relatively new type of curing agent. It is often used in combination with other traditional inorganic curing agents in soft soil solidification technology or soft soil foundation treatment methods. At present, there are also studies on its incorporation into cement. PAM is mainly used as an additive to play a flocculation role and also has a good reinforcement effect. Qin et al. (Qin et al., 2023) utilized industrial solid waste such as construction waste powder and slag powder, and introduced PAM as a flocculant to solidify waste slurry with different moisture contents. The superiority of this curing agent combination in solidifying waste slurry was verified through a combination of macroscopic and microscopic experiments. Zhang et al. (Fengjun et al., 2020) prepared a new type of flocculant by combining three flocculants to solidify waste slurry. The results showed that the best flocculation effect was achieved when the ratio of polyacrylamide, joint branch powder, and flocculation settling promoter was 1:0.75:0.5. Xu et al. (Xu S. et al., 2023) studied the flocculation and dehydration of kaolin slurry treated with single and double polymer flocculants. The research results indicate that non-ionic PAM has the best flocculation effect. This is attributed to the strongest adsorption and bridging ability of PAM. Deng et al. (Deng et al., 2022) found through a series of indoor experiments that adding PAM to cement soil can improve the plastic deformation ability of solidified soil. An appropriate content of PAM can significantly increase the ultimate strain of solidified soil at shear failure. The permeability of cement soil decreases with the increase of cement content and curing age, but adding a certain amount of PAM to cement soil can effectively improve its permeability. Chang et al. (Chang and Chang, 2010) pointed out that adding a certain amount of cement to hydraulic fill sand can significantly improve its liquefaction resistance, but the cement hydraulic fill sand is easily dispersed when soaked in water. Adding PAM can enhance the aggregation force between cement hydraulic fill sand particles. Under the condition of constant cement addition, the unconfined compressive strength of solidified soil initially increases with the increase of PAM content. After reaching its peak, the unconfined compressive strength gradually decreases with the increase of PAM content, and PAM has the most optimal addition amount. Kim et al. (Kim, 2016) jointly used aluminum chloride and PAM to treat wastewater. Research has shown that this composite flocculant has better performance and faster settling speed. According to these researches, the use of polyacrylamide can improve the mechanical properties of high water content (≥50%) slurry, and the appropriate dosage of polyacrylamide is less than 1%.
In summary, PAM can improve the deformation ability of cementitious soil, enhance the polymerization force between cement and slurry, and thus enhance the strength of cementitious soil. Therefore, PAM was added to improve the strength of cement modified slurry. But the strength characteristics of polyacrylamide modified waste slurry (PCMS) under axial and triaxial loads under different moisture contents and curing ages need further investigation. So the strength characteristics of PAM modified cement stabilized construction waste slurry (PCMS) were studied through unconfined compressive strength (UCS) tests and triaxial tests, providing reference for the resource utilization of slurry.
2 MATERIALS AND METHODS
2.1 Materials
2.1.1 Slurry
The slurry used in the experiment comes from a construction site in Shaoxing City, China, and the slurry is dark brown in color, as shown in Figure 1. After drying, as shown in Figure 2, it appears light brown. The main physical and mechanical indicators include specific gravity, liquid plastic limit, plasticity index, water moisture, and organic matter content, as shown in Table 1. The drying temperature is 105°C and the drying time is 24 h. After drying, the slurry was subjected to XRF testing, and the compound composition was obtained as shown in Table 1.
It can be seen that the mud is mainly composed of sheet-like particles, with the main elemental components being Si, Al, Ca, and O. The main compounds are SiO2, Al2O3, CaO, Fe2O3, and K2O.
[image: A circular paper plate filled with a light brown mixture rests on a dark surface. Below the plate, a ruler measures approximately twelve inches, providing scale for the plate's size.]FIGURE 1 | Slurry.
[image: Metal plate covered in a thin layer of dust or sand, lying on a flat, speckled surface. The plate has a slightly raised edge and a circular shape.]FIGURE 2 | Dehydrated slurry.
TABLE 1 | Basic index of mechanical properties and XRF test results of slurry.
[image: Table displaying various properties and compounds with their corresponding values. Specific gravity is 2.65, liquid limit is 46.4%, plastic limit is 25.4%, plasticity index is 21.0%, water solubility content is 0.23%, organic matter content is 1.03%. Compounds listed are SiO2 at 61%, Al2O3 at 16.5%, CaO at 7.7%, Fe2O3 at 5.9%, K2O at 3.2%, MgO at 2.4%, Na2O at 1.1%, and others at 2.2%.]2.1.2 Cement
The cement used in the experiment is M32.5, sourced from Shaoxing Zhaoshan Building Materials Co., Ltd. China, as shown in Figure 3. M32.5 cement has the characteristics of high later strength, moderate setting time, low hydration, good workability, low water bleeding, and high water retention rate.
[image: A round dish filled with fine, dark brown powder, placed on a blue surface. The texture of the powder is smooth and even, covering the dish uniformly.]FIGURE 3 | Cement.
2.1.3 Polyacrylamide
Polyacrylamide (PAM) is a water-soluble polymer material with the chemical formula (C3H5NO)n. The PAM used in this study is produced by Xinlida Water Treatment Company in Zhengzhou City, China, and appears as white particles, as shown in Figure 4. Molecular weight of PAM is 1800 × 104, pH value is five to eight, solid content is 8.5% and insoluble substances is 26.5%.
[image: An empty beige plate with a textured surface is placed on a dark blue tabletop.]FIGURE 4 | PAM.
2.2 Sample production and curing
According to Chinese code GBT 50123–2019 (GB/T 50123, 2019), both the unconfined compression strength (UCS) and triaxial samples in this test are cylindrical, with a diameter of D = 39.1 mm and a height of H = 80 mm. The specific steps for sample production are as follows:
	(1) Prepare the raw materials for the sample. Before the experiment, put the air dried slurry into an oven for further drying, and sieve the impurities in the slurry soil through a 2 mm aperture standard sieve to obtain fine powder soil.
	(2) Assemble the test mold. First, tighten the clamp sleeve of the mold with a screwdriver, then evenly apply Vaseline inside the mold barrel, seal one end of the mold with a plastic film and tighten it with a rubber band. Finally, use the rubber band to fix the two end bearing plates with the mold and assemble it into a vibrator. The assembled mold is shown in Figure 5A.
	(3) Prepare the mixture. According to the predetermined experimental plan, weigh the corresponding masses of slurry soil, water, cement, PAM, and put each material into a mixing pot. First, manually mix until it is initially uniform, and then place it on a mixer for secondary mixing. The mechanical mixing time is about 5 min. As shown in Figure 5B, obtain the experimental mixture.
	(4) Injecting and compacting. Pour the mixed material evenly into the compactor in three parts, and vibrate for about 40 s each time to make it compact. After the compaction is completed, let it stand for about 4–6 h.
	(5) Sample trimming and curing. After the sample is left to stand, remove the two end bearing samples, scrape the two ends flat, as shown in Figure 5C, and fix the filter paper with rubber rings at both ends of the mold cylinder, as shown in Figure 5D. Then immerse the sample in water for curing to simulate an environment of air isolation and saturated curing, as shown in Figure 5E. Finally, place it in a standard curing room with a temperature of 20°C ± 2°C and a humidity of 95%.
	(6) Sample demolding. After curing the sample to the testing age, remove the mold cylinder and shape the sample, as shown in Figure 5F.

[image: (a) Jar secured with a wooden frame and elastic bands. (b) Stand mixer with a metal mixing bowl. (c) Hand slicing a dark cylindrical object with a large knife. (d) Small manual coffee grinder with coffee beans inside. (e) Vacuum-sealed bag containing individually wrapped packages. (f) Five empty cardboard tubes standing upright in a row.]FIGURE 5 | Sample preparation procedures: (A) Assembled mold; (B) Mixer; (C) Sample trimming; (D) Sample binding; (E) Sample curing; (F) Samples.
2.3 Test plan
Compressive strength and shear strength are the two most basic strength indicators of geotechnical materials, so this study adopts unconfined compressive strength test and triaxial test to study the strength performance of PCMS. The influence of different PAM content and moisture content on the strength characteristics of modified mud was studied using unconfined compressive strength tests and triaxial tests. The specific test plan is shown in Table 2. Moisture content refers to the ratio of the mass of water to the mass of dry slurry.
TABLE 2 | Test plan.
[image: Table displaying experiment parameters: PAM percentages are 0, 0.2, 0.5, 0.8. Cement content is 20%. Moisture content is 50, 80, 100%. Curing ages are 7 and 28 days. Test methods include UCS test and triaxial test.]To ensure the authenticity and reliability of the measured test data, the UCS test is repeated in groups of five specimens. Using triaxial tests to obtain the mechanical properties of PCMS under different stress conditions. The study primarily considers the influence of confining pressures of 50 kPa, 100 kPa, 150 kPa, and 200 kPa. In both the UCS and triaxial tests, the shear rate of the sample is set to 1 mm/min, and the test is halted when the axial strain reaches 15%.
3 RESULTS AND ANALYSIS
3.1 Unconfined compressive performance
3.1.1 Unconfined compressive stress-strain curve
Conduct UCS tests on PCMS and obtain 24 sets of unconfined stress-strain curves. As shown in Figure 6.
[image: Six line graphs labeled (a) to (f) depict axial stress versus axial strain for different strain rates: 0.2%, 0.5%, and 0.8%. Each graph shows curves that peak and then decline, illustrating material behavior under various conditions. The y-axes represent axial stress in kilopascals (kPa) or megapascals (MPa), and the x-axes represent axial strain as a percentage (%). Each graph displays distinct peak stress values and curves, indicating varied responses to the strain rates.]FIGURE 6 | Unconfined compressive stress-strain curves of PCMS: (A) 50% moisture content and 7d curing age; (B) 50% moisture content and 28d curing age. (C) 80% moisture content and 7d curing age; (D) 80% moisture content and 28d curing age. (E) 100% moisture content and 7d curing age; (F) 100% moisture content and 28d curing age.
From Figure 6, it can be seen that: The stress-strain curves of PCMS all have similar curve patterns and are all softening type curves. With the increase of PAM content, the peak stress of PCMS first increases and then decreases, and the peak strain continues to increase. When the moisture content is 50% and 80%, regardless of whether it is at the curing age of 7 days or 28 days, the slope of the stress-strain curve in the elastic stage is the highest when the content of PAM is 0.5%, which means that the rate of stress increasing with strain is the highest. When PAM content is 0.5%, the stress growth rate of PCMS is the fastest. When the moisture content is 100%, at the curing age of 7 days, the slope of the stress-strain curve in the elastic stage is the highest when the content of PAM is 0.5%. At the curing age of 28 days, the slope of the stress-strain curve in the elastic stage is the highest when the content of PAM is 0.2%. This indicates that as curing age increases and PAM content rises, the effect on the stress growth rate becomes less significant. This is because, with longer curing, the hydration products in the PCMS continue to increase, making PAM’s modifying effect on PCMS less pronounced.
3.1.2 Unconfined compressive strength analysis
In order to facilitate the analysis of the modification effect of PAM on the compressive performance of PCMS, the UCS of each proportion of PCMS varies with the content of PAM, as shown in Figure 7.
[image: Bar graph showing UCS (MPa) against PAM content (%) at different days and percentages: 50% and 7 days, 80% and 7 days, 100% and 7 days, 50% and 28 days, 80% and 28 days, 100% and 28 days. Values vary, with peak around 0.2% PAM content for 100% and 7 days.]FIGURE 7 | UCS of PCMS at 7d and 28d curing age.
From Figure 7, it can be seen that: (1) When the moisture content is 50%, whether at the curing age of 7 days or 28 days, only when the content of PAM is 0.5%, the UCS of PCMS can be improved. The remaining PAM content has a negative effect on the UCS of PCMS. When the moisture content is 80%, the UCS of PCMS at 7d and 28d curing ages increases first and then decreases with the increase of PAM content. When the content is 0.5%, the optimal values are 531 kPa and 1,036 kPa, respectively, with an increase of 31% and 53%. The moisture content is 100%, and its variation pattern is consistent with that at 80% moisture content. When the PAM content is 0.5%, the optimal strength values are reached at 7 days and 28 days curing age, which are 349 kPa and 495 kPa, respectively, with an increase of 35% and 28%. When the moisture content is 50%, the moisture content is low, the PAM introduces closed bubbles into PCMS, thereby reducing the strength of PCMS. When the moisture content is greater than 50%, PAM makes the hydration products of the cement matrix more dense, thereby increasing the strength of PCMS. Therefore, when the moisture content of PCMS is high, the strengthening effect of PAM on PCMS is greater than the weakening effect. (2) When the moisture content and PAM content of PCMS are constant, the UCS of PCMS increases with curing age. When the moisture content is 50%, the UCS of PCMS with a curing age of 28 days increased by 81%, 85%, 96%, and 119% at PAM’s content of 0%–0.8% compared to the UCS at 7 days curing age, respectively. When the moisture content is 80%, the UCS of PCMS with a curing age of 28 days increased by 66%, 87%, 95%, and 107% at PAM’s content of 0%–0.8% compared to the UCS at 7 days curing age, respectively. When the moisture content is 100%, the UCS of PCMS with a curing age of 28 days increased by 51%, 48%, 42%, and 46% at PAM’s content of 0%–0.8% compared to the UCS at 7 days curing age, respectively. From this, it can be seen that when the moisture content is 50%, PCMS is most affected by the curing age, and the effect of curing age is most significant when the content of PAM is 0.8%. (3) When the curing age of PCMS and the content of PAM are constant, the UCS of PCMS decreases significantly with the increase of moisture content.
3.1.3 Elastic modulus
Select the linear elastic stage on the stress-strain curve of UCS test, and fit the data of the linear elastic stage with a straight line. The slope of the straight line is the elastic modulus. The elastic modulus of each mix proportion of PCMS is shown in Figure 8.
[image: Bar chart illustrating the elastic modulus in megapascal (MPa) against PAM content percentage. Each color represents a different condition: 50%, 7 days; 80%, 7 days; 100%, 7 days; 50%, 28 days; 80%, 28 days; 100%, 28 days. As PAM content increases from 0% to 0.5%, the elastic modulus generally rises, with the 100%, 28-day condition reaching the highest modulus.]FIGURE 8 | Elastic modulus of PCMS at 7d and 28d curing age.
From Figure 8, it can be seen that: (1)When the moisture content is 50%, PAM cannot increase the elastic modulus of PCMS at the curing age of 7 days. At 28 days curing age, the elastic modulus of PCMS increases with the increase of PAM content, reaching the optimal value of 304 MPa at a content of 0.5%, with an increase of 18.2%. When the moisture content is 50%, PAM can effectively improve the elastic modulus of PCMS at 28 days of curing age. (2)When the moisture content is 80%, at the curing age of 7 days, only when the content of PAM is 0.2%, the elastic modulus of PCMS can be improved, but the increase is not significant. At 28 days curing age, the addition of 0.5% PAM can significantly improve the elastic modulus of PCMS. When the moisture content is 80%, PAM can still improve the elastic modulus of PCMS. (3) At a moisture content of 100% and a 7-day curing age, PAM cannot increase the elastic modulus of PCMS. At 28 days of curing age, the addition of 0.2% PAM can increase the elastic modulus of PCMS.
When the moisture content is 50% and 100%, at the curing age of 7 days, PAM cannot increase the elastic modulus of CMS. This is because PAM introduces closed bubbles into PCMS, thereby reducing the elastic modulus of PCMS. At the age of 28 days, when the PAM content is 0.2%, the elastic modulus of CMS can be increased because the particles in the PCMS also have a strong adsorption effect on PAM molecules. When these PAM molecules adsorb on the surface of the particles, they will greatly improve the surface characteristics of these microparticles. Forming a water film on the surface of the cement particles ensures sufficient hydration of the cement. This allows for more complete contact between water and cement, leading to a more compact structure. Consequently, this increases the stiffness and improves the elastic modulus of the cement.
3.2 Triaxial shear performance
3.2.1 Triaxial shear stress-strain curve
Part of the triaxial test stress-strain curves of the PCMS sample are shown in Figure 9. They are first classified into three categories based on different moisture contents, and then classified according to different PAM content.
[image: Six graphs displaying stress-strain curves for materials at various strain rates: 600 per second (red), 1000 per second (pink), 1500 per second (green), and 2000 per second (blue). Each curve shows increasing stress with strain, peaking before decreasing. Each graph is labeled (a) to (f).]FIGURE 9 | Deviatoric stress-strain curve of PCMS: (A) 50% moisture content and 7d curing age with 0% PAM content; (B) 50% moisture content and 7d curing age with 0.2% PAM content. (C) 50% moisture content and 7d curing age with 0.5% PAM content. (D) 50% moisture content and 7d curing age with 0.8% PAM content. (E) 80% moisture content and 7d curing age with 0% PAM content; (F) 80% moisture content and 7d curing age with 0.2% PAM content.
From Figure 9, it can be seen that: (1)When the confining pressure is between 50 kPa and 200 kPa, the shear strength and peak strain of PCMS increase with the increase of confining pressure under different moisture content conditions. The stress-strain curves of PCMS are all softening type, and the smaller the confining pressure, the more obvious the softening trend of PCMS. (2)Under high moisture content (80% and 100%) and high confining pressure (200 kPa), the stress-strain curve of PCMS exhibits a weak softening curve. With the addition of PAM, the softening trend of the stress-strain curve of PCMS first increases and then decreases. (3)With the increase of curing age, the softening trend of the stress-strain curve of PCMS at 50% moisture content increases, all of which become strong softening curves. When the moisture content is high, the form of the stress-strain curve of PCMS does not change significantly, and it still remains a weak softening curve under high confining pressure.
3.2.2 Triaxial shear strength analysis
The shear strength of the PCMS corresponds to the maximum deviatoric stress in the deviatoric stress-strain curve. The relationship curve between the content of PAM and the shear strength of PCMS is shown in Figure 10.
[image: Six line graphs labeled (a) to (f) showing the relationship between storage modulus at different frequencies and polycaprolactide content (%). Each graph is plotted with frequencies: 500, 1000, 1500, and 2000 Hz. Graphs illustrate trends with storage modulus generally increasing with higher polycaprolactide content, varied by frequency.]FIGURE 10 | Relationship between the content of PAM and PCMS Shear strength: (A) 50% moisture content and 7d curing age; (B) 50% moisture content and 28d curing age. (C) 80% moisture content and 7d curing age; (D) 80% moisture content and 28d curing age. (E) 100% moisture content and 7d curing age; (F) 100% moisture content and 28d curing age.
According to Figure 10, the addition of PAM can improve the shear strength of PCMS. Under the same confining pressure, the shear strength of PCMS increases first and then decreases with the increase of PAM content.
When the moisture content is 50% and the curing age is 7 days, the effect of PAM on the shear strength of PCMS is relatively small. Under confining pressures of 50 kPa, 100 kPa, 150 kPa, and 200 kPa, the corresponding shear strength of PCMS is 606 kPa, 657 kPa, 711 kPa, and 758 kPa, respectively. The shear strength of PCMS with 0.2% and 0.5% PAM content increased by 4%–8% and 5%–9% compared with PCMS without PAM (CMS), respectively. When the confining pressure is between 50 kPa and 200 kPa, with a negative increase at 0.8% content of PAM. When the curing age is 28 days, the modification effect of PAM on shear strength increases, and the best modification effect is achieved at a 0.2% content. Under confining pressures of 50 kPa, 100 kPa, 150 kPa, and 200 kPa, the corresponding shear strength of PCMS is 950 kPa, 1,063 kPa, 1,158 kPa, and 1,234 kPa, respectively. The shear strength of PCMS with 0.2%, 0.5%, and 0.8% PAM content increased by 38%–61%, 38%–49%, and 23%–37% compared with CMS, respectively.
When the moisture content is 80% and the curing age is 7 days, the corresponding shear strength of PCMS under confining pressures of 50 kPa, 100 kPa, 150 kPa, and 200 kPa is 184 kPa, 209 kPa, 242 kPa and 268 kPa, respectively. The shear strength of PCMS with 0.2%, 0.5%, and 0.8% PAM content increased by 16%–22%, 35%–42%, and 24%–33% compared with CMS, respectively. The maximum increase was observed at 0.5% content of PAM. When the curing age is 28 days, the corresponding shear strength of PCMS under confining pressures of 50 kPa, 100 kPa, 150 kPa and 200 kPa is 251 kPa, 290 kPa, 365 kPa, and 403 kPa, respectively. The shear strength of PCMS with 0.2%, 0.5%, and 0.8% PAM content increased by 55%–70%, 60%–98%, and 55%–92% compared with CMS, respectively. The best improvement effect was achieved with 0.5% PAM content.
When the moisture content is 100% and the curing age is 7 days, the corresponding shear strength of PCMS under confining pressures of 50 kPa, 100 kPa, 150 kPa, and 200 kPa is 147 kPa, 172 kPa, 198 kPa, and 225 kPa, respectively. The shear strength of PCMS with 0.2%, 0.5%, and 0.8% PAM content increased by 26%–41%, 53%–69% and 28%–49% compared with CMS, respectively. The maximum increase was observed at 0.5% content. When the curing age is 28 days, the corresponding shear strength of PCMS under confining pressures of 50 kPa, 100 kPa, 150 kPa, and 200 kPa is 183 kPa, 211 kPa, 240 kPa, and 278 kPa, respectively. The shear strength of PCMS with 0.2%, 0.5%, and 0.8% PAM content increased by 15%–58%, 52%–60% and 34%–55% compared with CMS, respectively. The best improvement effect was achieved with 0.5% PAM content.
The porosity of PCMS increase with the increase of moisture content. According to references [(He and Lu, 2023; He et al., 2023; Chen et al., 2021a; Chen et al., 2021b)], the strength change of PCMS is mainly due to the increase of its porosity.
In summary, the addition of PAM can improve the shear performance of PCMS, and the improvement rate of PAM on the shear strength of PCMS increases with the increase of curing age. The optimal PAM content of PCMS for shear strength at 50% moisture content is 0.2%, and the optimal PAM content of PCMS for shear strength at 80% and 100% is 0.5%. It can be seen that moisture content has a certain influence on the optimal content of PAM.
3.2.3 Analysis of shear strength indicators
In order to further investigate the modification effect of PAM on the shear strength of CMS, the strength envelope diagram of PCMS was drawn based on the Mohr Coulomb theory. According to Figure 9, the peak value of deviatoric stress is taken as the failure point. When there is no peak value, the difference in principal stress at 15% axial strain is taken as the failure point. Using normal stress σ as the x-axis and shear stress τ as the y-axis, draw a failure stress diagram on the τ - σ stress plane with (σ1+σ2)/2 as the center and (σ1-σ2)/2 as the radius, and plot the envelope of the Mohr stress circle under different confining pressures. Some strength envelope diagrams were as shown in Figure 11.
[image: Six graphs display stress-strain curves with different principal stresses ranging from 0 to 1000 kilopascals. Each graph is labeled with different variables, showing curved and linear relationships in various colors, such as red, green, blue, purple, and pink. The graphs demonstrate changes in shear stress, along with specific equations for each.]FIGURE 11 | Shear strength envelope of PCMS: (A) 50% moisture content and 7d curing age with 0% PAM content; (B) 50% moisture content and 7d curing age with 0.2% PAM content. (C) 50% moisture content and 7d curing age with 0.5% PAM content. (D) 50% moisture content and 7d curing age with 0.8% PAM content. (E) 80% moisture content and 7d curing age with 0% PAM content; (F) 80% moisture content and 7d curing age with 0.2% PAM content.
Based on the above shear strength envelope diagram, the shear strength indicators of PCMS with different moisture content and PAM content, such as cohesion c and internal friction angle φ, are obtained. The variation of the shear strength index of PCMS with the content of PAM was obtained under different moisture contents and different curing age, as shown in Figures 12, 13, respectively.
[image: Bar chart showing cohesion (kPa) versus PAM content (%) levels at 0, 0.2, 0.5, and 0.8, for five conditions. Condition colors are orange, blue, turquoise, green, and purple, indicating different treatment percentages and days.]FIGURE 12 | Cohesion of PCMS.
[image: Bar chart displaying internal friction angles (degrees) across different PAM content percentages (0, 0.2, 0.5, 0.8). Bars represent various conditions: 50%-7d, 80%-7d, 100%-7d, 50%-28d, 80%-28d, 100%-28d. Heights and colors differentiate each condition.]FIGURE 13 | Internal friction angle of PCMS.
From Figures 12, 13, it can be seen that: When the moisture content is 50%, the addition of PAM cannot increase the c of PCMS at 7 days of curing age, but it has a certain improvement in the φ of PCMS. The maximum improvement is achieved at a 0.5% PAM content, which is 17% higher than CMS. At 28 days of curing age, the c of PCMS increases first and then decreases with the increase of PAM content. The optimal content is 0.2%, which is 88% higher than CMS. This is consistent with the shear strength of PCMS at a 50% moisture content. But the φ only increased by 4% when the PAM content was 0.5%.
When the moisture content is 80%, PAM can improve the c of CMS at both 7d and 28d curing ages, and it first increases and then decreases with the increase of PAM content. The maximum value is reached at 0.5% PAM content, which is 41% and 137% higher than the c of CMS at 7d and 28d curing age, respectively. It can be seen that the improvement of c at 28d curing age is significant and still consistent with the change law of PCMS shear strength. At the curing age of 7 days, the variation pattern of φ and c is consistent, reaching its maximum at 0.5% PAM content and increasing by 16%. At 28 days of curing age, the φ only increased by 31% with a 0.2% PAM content.
When the moisture content is 100%, at the 7d curing age, the c of PCMS increases first and then decreases with the increase of PAM content, reaching its maximum value at 0.5% PAM content, which is 74% higher than CMS. At this point, the φ is also at its maximum, increasing by 16%, while the φ decreases under other doping levels. At 28d curing age, the c of PCMS was improved at a PAM content of 0.5% and 0.8%, with the maximum increase at a 0.5% content, which was 29%. The φ was improved with the addition of PAM, and the maximum increase was observed at a 0.2% PAM content, with an increase of 87%.
4 CONCLUSION
By conducting unconfined compressive strength tests and triaxial shear tests on PCMS, the effects of factors such as moisture content, curing age, and PAM content on the unconfined compressive and shear properties of PCMS were studied. The following conclusions can be drawn:
	(1) Under axial stress, the stress-strain curves of PCMS are all softening curves. The UCS of PCMS increases with the increase of curing age and significantly decreases with the increase of moisture content. As the content of PAM increases, it first increases and then decreases, with UCS reaching its maximum at a PAM content of 0.5%.
	(2) When the moisture content is 50%, PAM can increase the elastic modulus of PCMS. When the content of PAM is 0.5%, the maximum elastic modulus is achieved at 304 MPa. When the moisture content is 80% and 100%, the effect of PAM on the elastic modulus of PCMS is not significant, and the range of elastic modulus variation is 22–105 MPa.
	(3) The stress-strain curves of PCMS under triaxial stress are all softening type curves. The addition of PAM can improve the shear strength of PCMS. Under the same confining pressure, the shear strength of PCMS increases first and then decreases with the increase of PAM content.
	(4) The variation pattern of PCMS cohesion is basically consistent with the shear strength. The maximum cohesion is achieved at 50% moisture content and 0.5% PAM content, with a maximum cohesion of 476.1 kPa. The variation range of internal friction angle with moisture content and PAM content is 10.9°–30.5°. The improvement of shear performance of PCMS by PAM is mainly achieved by enhancing the cohesion of PCMS, and the addition of PAM has a relatively small impact on the friction between particles inside PCMS.
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The aggregate gradation of asphalt mixture is one of the most important factors affecting the service life of asphalt pavement. In order to study the gradation of asphalt mixture with the best comprehensive performance, this study puts forward a new method of mineral aggregate gradation optimization based on the fuzzy analytic hierarchy process and comprehensive evaluation method, aiming at the multi-level and multi-index evaluation of the road performance of asphalt mixture. First, the orthogonal test design method is applied to design nine target gradations with coarse aggregate (>4.75 mm) and fine aggregate (<4.75 mm) of AC-20 (asphalt concrete) mixture serving as two factors and the upper, middle, and lower positions of the gradation curve as three levels, and then the road performance test research is carried out. Second, a comprehensive model for evaluation of road performance of mineral aggregate gradation is established. A fuzzy complementary judgment matrix is constructed, and the index weights of each level and the hierarchical total ranking weight are calculated. Then, the membership function is introduced into the comprehensive evaluation model for the road performance of mineral aggregate gradation, and the membership values of each index of asphalt mixture road performance are obtained. Finally, the fuzzy comprehensive evaluation method is used to find out the comprehensive evaluation value of the road performance of the nine graded asphalt mixtures, and the mineral aggregate gradation is optimized. The research results show that the 1# gradation of the asphalt mixture has the highest comprehensive road performance evaluation value, and the combination of the fuzzy hierarchical analysis process and comprehensive evaluation method can more objectively and comprehensively evaluate the comprehensive road performance of the asphalt mixture and provide a useful reference for the optimal selection of asphalt mixture mineral gradation.
Keywords: AC-20 asphalt mixture, fuzzy hierarchical analysis process, fuzzy comprehensive evaluation method, gradation optimization, orthogonal design

1 INTRODUCTION
The performance of asphalt pavements will inevitably degrade gradually due to all the year round exposure to traffic loads and environmental factors (Chen et al., 2020). In addition, mineral aggregate gradation has an important influence on the tensile strength, fatigue resistance, deformation resistance at high temperature, crack resistance at low temperature, and water damage resistance of the asphalt mixture (Tayfur et al., 2007; Moghaddam et al., 2011; Li et al., 2020; Zhai, et al., 2019). Due to the wide gradation range of the specifications and the differences in climatic conditions and materials in each region, it is often impossible to completely apply the specification in gradation design. The orthogonal test design method deals with multi-factor tests, which can infer better test conditions through fewer test times and provide more comprehensive test results (Lu and Zhang, 2018). For the multi-index orthogonal test of asphalt mixture, the comprehensive scoring method and comprehensive balance method are often used to transform it into a single-index test problem for comprehensive optimization, and the results often lose comprehensiveness because of the differences in each index (Hu et al., 2021; Cheng et al., 2019).
In recent years, scholars around the world have used mathematics and machine algorithms to optimize mineral aggregate gradation. Pan et al. (2020) developed a gradation segregation model based on the fractal dimension to evaluate the variability of reclaimed asphalt pavement (RAP) gradation and then proposed an optimized gradation design method based on Mohr–Coulomb theory to reduce the variability of RAP gradation. Xue and Jiang (2022) used the discrete element method to obtain the interlock-coarse gradation of the AC-20 asphalt mixture and determined the interlock-dense gradation, and compared with the specific gradation, the Marshall stability, dynamic stability, shear strength, and splitting strength of the AC-20 asphalt mixture with interlocking dense gradation are all improved. Sivilevičius et al. (2011) constructed the models of constrained and unconstrained non-linear optimization to choose the best HMA mixture gradation. Sebaaly et al. (2018) developed simple multilayer perceptron structure artificial neural network (ANN) models and used a non-linear constrained genetic algorithm to call the ANN model to optimize the aggregate gradation of the asphalt mixture. Wang et al. (2021) proposed a gradation optimization method based on the fractal theory method and trial calculation method, and the gradation obtained by the two methods was simulated based on particle flow code in two dimension (PFC2D); the results showed that the asphalt mixture with optimized gradation based on the fractal theory method had higher strength and better stability. Most of these gradation optimization methods are based on the performance of the asphalt mixture, but the results obtained are different. In order to solve the problems encountered when using the conventional methods mentioned above, this article takes the AC-20 asphalt mixture as an example, uses the fuzzy analytic hierarchy process and fuzzy comprehensive evaluation method to fully characterize multiple factors and indicators of asphalt mixture road performance, conducts fuzzy comprehensive evaluation on the experimental results of asphalt mixture road performance of nine mineral aggregate gradations, and selects the mineral aggregate gradation with the best comprehensive performance.
Fuzzy analytic hierarchy process and fuzzy comprehensive evaluation, as fundamental fuzzy mathematical methods, have certain universality and scalability, and are widely used in various fields (Xu et al., 2023; Li et al., 2023; Arman, 2023). However, few studies have comprehensively applied the two methods to the optimization of asphalt mixture gradation. This paper proposes a mineral aggregate gradation optimization method that is suitable for the results of multi-index orthogonal experiments of asphalt mixtures by combining the fuzzy analytic hierarchy process and fuzzy comprehensive evaluation method. The application of fuzzy mathematical methods has established a theoretical foundation for the analysis of multi-index orthogonal test results of asphalt mixtures, enriching the multi-index evaluation system of asphalt mixtures. First, on the basis of completion of the road performance tests of asphalt mixture with nine mineral aggregate gradations designed by the orthogonal test, the road performance evaluation model of the asphalt mixture with mineral aggregate gradation is constructed. Second, by constructing the fuzzy complementary judgment matrix, consistency test, and calculating the index weights, the total ranking weight of the comprehensive evaluation index of aggregate gradation road performance is calculated. Finally, on the basis of completion of the evaluation object, evaluation index, membership function, and fuzzy comprehensive evaluation matrix, the fuzzy comprehensive evaluation values of nine mineral aggregate graded asphalt mixtures are calculated, the comprehensive road performance ranking is determined, and the best mineral aggregate gradation is presented.
2 METHODOLOGY
The method flow of this study is shown in Figure 1.
[image: Flowchart illustrating the fuzzy analytic hierarchy process and fuzzy comprehensive evaluation method. The left side includes steps like constructing a fuzzy complementary judgment matrix, consistency testing, index weight calculation, and hierarchical ranking. The right side involves determining the evaluation object and index, membership function, and fuzzy comprehensive evaluation matrix. Both sides converge to calculate the fuzzy comprehensive evaluation value.]FIGURE 1 | Flowchart of the fuzzy analytic hierarchy process and comprehensive evaluation method.
2.1 Fuzzy analytic hierarchy process
In the 1970s, Saaty T. L., an American expert in operational research, put forward a systematic decision analysis method combining qualitative and quantitative analyses, namely, the analytic hierarchy process (Saaty, 1990). However, the traditional analytic hierarchy process has some problems, such as difficulty in testing the consistency of the judgment matrix, the complexity of adjustment, and the lack of scientificity. Meanwhile, due to the uncertainty of human thinking, ignoring the fuzziness of human behavior may lead to mistakes in decision (Ahmed and Kilic, 2019; Jaganathan et al., 2007; Zhang et al., 2021). Therefore, in view of the fuzziness of the target to be evaluated, this paper introduces the fuzzy mathematical analysis method into the analytic hierarchy process and establishes a multi-level comprehensive evaluation model.
2.1.1 Establish hierarchical analytic structure model
The fuzzy analytic hierarchy process can be used to construct a multi-level hierarchical analytic structure model according to the different attributes of the problem to be evaluated. The basic principle is to decompose first and then synthesize, select some factors and indexes related to the target to be evaluated, and then construct a hierarchical analytic structure model according to the relative importance and affiliation between the factors and indexes (Han et al., 2020).
2.1.2 Construct fuzzy complementary judgment matrix
When the multi-level analytic structure model is established, for the factors or indexes of the same level, the target or factors of the previous level need to be used as a criterion for two comparisons, and the importance of the indexes can be assigned by the “0.1–0.9” comparison scale. A comparison scale [image: Mathematical notation shows a variable \( a_{ij} \), typically representing an element within a matrix, where \( i \) and \( j \) denote the row and column indices, respectively.] can be used to express the relative importance of two factors in the next level, and the rules for the value of [image: The image shows the mathematical notation "a" with a subscript "i" and "j".] are shown in Table 1.
TABLE 1 | Scale value and definition (Xie and Liu, 2006).
[image: Table showing scale values with corresponding definitions for comparing two elements. Scale 0.1: latter extremely more important than former. Scale 0.3: latter significantly more important. Scale 0.5: latter as important as former. Scale 0.7: former significantly more important. Scale 0.9: former extremely more important. Scales 0.2, 0.4, 0.6, 0.8 are middle values of adjacent scales. Note at the bottom refers to a matrix based on scale values called the fuzzy complementary judgment matrix.]2.1.3 Consistency test of the fuzzy complementary judgment matrix
After constructing the fuzzy complementary judgment matrix, it is necessary to check its consistency, and if Equation 1 is not satisfied, the non-consistency matrix needs to be transformed into a new fuzzy consistency judgment matrix by Equation 2 (Xu, 2001).
[image: It seems there is a formatting issue, and I can't see the image you are referring to. Please upload the image or provide a URL, and I will help generate the alternate text for you.]
[image: Equation showing a formula for a sample rank: \( y_i = \frac{r_i - f}{2(n-1)} + 0.5 \).]
where i = 1, 2, … , n; j = 1, 2, … , n; k = 1, 2, … , n.
2.1.4 Calculate the index weights of the fuzzy complementary judgment matrix
By comparing the relative importance between two elements, the fuzzy complementary judgment matrix [image: Matrix notation for a square matrix A of size n by n, with elements a subscript i j.] is obtained, and the weight vector of matrix A is [image: Mathematical notation showing a column vector \( W \), where \( W \) is the transpose of a row vector containing elements \( w_1, w_2, \ldots, w_n \).], and the weight calculation equation is as follows (Xu, 2001).
[image: Mathematical formula representing the weight \( w_j = \frac{\sum_{j=1}^{n} a_{ij} + \frac{n}{2} - 1}{n(n-1)} \), labeled as equation three.]
where i = 1, 2, … , n; j = 1, 2, … , n.
2.1.5 Calculate hierarchical total ranking
Assume that there are K layers in an evaluation index system and in order to determine the ranking weight of each element in the Kth layer corresponding to the relative importance of the target layer, it is necessary to multiply the weight of each element layer by layer, as shown in Equation 4.
[image: Mathematical expression depicting a vector \(\mathbf{W}^k\) which is composed of elements \(w_1^k, w_2^k, \ldots, w_m^k\), and also represented as \([W_1^k, W_2^k, \ldots, W_K^k]\) multiplied by \(\mathbf{W}^{k-1}\).]
2.2 Fuzzy comprehensive evaluation method
2.2.1 Determine the evaluation object and index
In order to evaluate the comprehensive road performance of the AC-20 asphalt mixture, it is necessary to determine the evaluation object and evaluation index of the evaluation model first. The road performance test results of nine mineral aggregate gradations are taken as the evaluation object, and the evaluation index set is composed of six indexes, namely, dynamic stability, Marshall stability, voids filled with asphalt, void ratio, immersion Marshall stability, and freeze–thaw splitting tensile strength ratio.
2.2.2 Determine membership function and fuzzy comprehensive evaluation matrix
Since different evaluation indexes have different representational meanings and dimensions, if the indexes are to be comparable with each other, the indexes can be standardized. According to the Technical Specification for Construction of Highway Asphalt Pavements (JTG F40-2004, 2004) of China, the evaluation index properties can be divided into maximal, intermediate, and minimal indexes. The Marshall stability is not less than 8 kN, the dynamic stability is not less than 2,400 times/mm, the immersion Marshall stability is not less than 85%, and the freeze–thaw splitting tensile strength ratio must be at least 80%: these four indexes can be regarded as maximum indexes. The recommended range of void ratio is 3%–6%, and that of effective asphalt saturation is 55%–70%, which can be regarded as intermediate indexes.
Dynamic stability, Marshall stability, immersion Marshall stability, and freeze–thaw splitting tensile strength ratio are all maximum indexes, and the membership function is shown in Equation 5.
[image: The formula shown is for normalizing a value. It expresses \( \bar{a}_{ij} \) as the ratio of \( a_{ij} \) to the maximum value of \( a_{ij} \) across all \( j \), as indicated by the max function.]
Void ratio and voids filled with asphalt are intermediate indexes, and their membership function is shown in Equation 6.
[image: The formula depicts a normalized equation for variable \( \bar{x}_j \). It is expressed as \( 1 - \frac{| a_j - k |}{\max ( | a_j - k | )} \).]
where i = 1, 2, … , 9; j = 1, 2, … , 6; k is the middle value of the recommended range in the specification (JTG F40-2004, 2004).
Through the above membership function equation to obtain the membership value of each evaluation index for the road performance, the fuzzy comprehensive evaluation matrix R can be established.
2.2.3 Calculate fuzzy comprehensive evaluation value
According to the fuzzy comprehensive evaluation matrix and the hierarchical total ranking weight, the fuzzy comprehensive evaluation value F can be determined, as shown in the following equation.
[image: It seems there's no image provided. Please upload the image or provide a URL, and optionally, add a caption for context.]
3 ENGINEERING EXAMPLE
3.1 Raw material test
The Jicao Expressway is located in the transitional zone from the hinterland of Changbai Mountain in central and southern Jilin Province to the Songnen Plain. It belongs to a seasonal frozen soil area, and the road surface damage caused by repeated freeze–thaw cycles is severe, requiring high road performance. The Jicao Expressway used the modified AC-20 asphalt mixture as the middle layer material of asphalt pavement, coarse aggregate and fine aggregate were used as andesite, and the filler was andesite mineral powder. The technical performance test results of raw materials are shown in Tables 2, 3.
TABLE 2 | Main technical indexes test results of modified asphalt.
[image: Table comparing technical index values. Categories include penetration degree, index, and ratio, ductility, softening point, density, and mass loss after aging. Units range from degrees Celsius to centimeters, percentages, and grams per cubic centimeter. Standard values are given with respective test values, such as a penetration degree of 66.3 against a standard range of 60 to 80. Density is measured at 1.0091 g/cm³.]TABLE 3 | Main technical indexes test results of aggregate.
[image: Table displaying technical indices for coarse aggregate. Columns include technical index, unit, standard value, and test value. Crushing value: ≤28%, test 10.69%. LA abrasion: ≤30%, test 14.94%. Relative densities include 19–26.5 mm (2.686), 9.5–19 mm (2.659), 2.36–4.75 mm (2.626), and 0–2.36 mm (2.739). Adhesion between asphalt and aggregate is level 3.]3.2 Design and synthesis of mineral aggregate gradation
In this paper, within the range of gradation given in the specification (JTG F40-2004, 2004), the 4.75-mm sieve is used as the dividing sieve, and coarse aggregate (>4.75 mm) and fine aggregate (<4.75 mm) are two factors affecting the road performance of asphalt mixture, and each factor selects three levels, namely, middle, upper, and lower positions of the gradation curve, with the middle position being the middle value of the gradation range, the upper position being the bisector of the upper limit and middle of the gradation range, and the lower position being the bisector of the middle and the lower limit of the gradation range, as shown in Table 4. For two factors and three levels, nine initial design gradations were obtained by using the L9 (34) orthogonal table (Zhu, 2010), and then the synthetic gradations were calculated according to the design gradations and aggregate sieving results, as shown in Table 5.
TABLE 4 | Orthogonal design factor and level table of AC-20.
[image: A table showing the percentage passing of aggregates through various sieve sizes for three levels. Coarse aggregates range from 26.5 to 4.75, and fine aggregates from 2.36 to 0.075. Percentages decrease with smaller sieve sizes. At Level 1, coarse aggregates at 26.5 have 100% passing, 9.5 have 61%, and 0.075 have 5%. Level 2 shows similar trends with slight variations: 66.5% at 9.5, 6% at 0.075. Level 3 shows further reductions: 55.5% at 9.5, 4% at 0.075.]TABLE 5 | Synthetic aggregate gradation of AC-20.
[image: Table showing percentage passing of each sieve size for different gradations numbered one to nine. The first column lists sieve sizes: 26.5 mm to 0.075 mm. Each gradation displays percentage values under corresponding sieve sizes, showing the distribution of material passing through each size. For example, gradation one has 100% passing at 26.5 mm, decreasing to 4.6% at 0.075 mm. Similar patterns are observed for all gradations, highlighting variations in material breakdown.]According to the Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG, E20-2011, 2011) of China, the density test (T 0706-2011) and Marshall stability test (T 0709-2011) of the asphalt mixture composed of nine synthetic gradations were carried out. The test results showed that the best oil–stone ratio of asphalt mixture specimens of nine gradations was close to 5.3%. Therefore, in order to avoid the influence of oil–stone ratio factor on the road performance of the asphalt mixture, the oil–stone ratio of nine gradations was taken as 5.3%. Under the optimal oil–stone ratio conditions, Marshall stability and immersion Marshall test (T 0709-2011), rutting test (T 0719-2011), and freeze–thaw splitting test (T 0729-2011) were carried out according to specification (JTG, E20-2011, 2011), and the test results of asphalt mixture road performance indexes were obtained as shown in Table 6.
TABLE 6 | Road performance test results of AC-20 (Zhu, 2010).
[image: A table displaying various gradations of asphalt mixtures with columns for gradation number, coarse aggregate level, fine aggregate level, oil-stone ratio, dynamic stability, Marshall stability, voids filled with asphalt, void ratio, immersion residual stability, and freeze-thaw splitting tensile strength ratio. Each row provides specific measurements for these variables across nine different mixtures labeled from one to nine.]3.3 Establish the comprehensive evaluation model for road performance
The AC-20 asphalt mixture as the pavement middle layer material, its high-temperature stability, and water stability should be the primary considerations. Therefore, this paper uses the principle of the analytic hierarchy process, takes the road performance of mineral aggregate gradation as the target layer (L), takes the high-temperature stability and water stability of the asphalt mixture as the two major factors in the standard layer (M), and the dynamic stability, Marshall stability, voids filled with asphalt, void ratio, immersion Marshall stability, and freeze–thaw splitting tensile strength ratio of six indexes included in the index layer (N) so as to construct a comprehensive evaluation model of mineral aggregate gradation road performance, as shown in Figure 2.
[image: Flowchart illustrating the road performance evaluation of aggregate gradation. The main categories are high temperature stability and water stability. High temperature stability includes dynamic stability, Marshall stability, and asphalt saturation. Water stability includes void ratio, immersion residual stability, and freeze-thaw splitting tensile strength ratio. Arrows indicate that target, standard, and index layers influence these categories.]FIGURE 2 | Comprehensive evaluation model of aggregate gradation road performance.
3.4 Determine the fuzzy complementary judgment matrix and the evaluation index weight
According to the comprehensive evaluation model of mineral aggregate gradation road performance established in Figure 1, consulting with road industry experts and using the 0.1–0.9 scale method in Table 1, a fuzzy judgment matrix for the target layer based on two factors in the criterion layer is constructed as shown in A1. The fuzzy judgment matrix for high-temperature stability based on three indicators, namely, dynamic stability, Marshall stability, and effective asphalt saturation, is constructed as shown in A2. The fuzzy judgment matrix for water stability based on three indicators, namely, porosity, immersion Marshall stability, and freeze–thaw splitting tensile strength ratio, is constructed as shown in A3.
[image: Matrix \( A_1 \) is a two-by-two matrix with elements: 0.5, 0.4 in the first row; 0.6, 0.5 in the second row.]
[image: Matrix \( A_2 \) is a three by three matrix with elements: 0.5, 0.7, 0.7 in the first row; 0.3, 0.5, 0.6 in the second row; and 0.3, 0.4, 0.5 in the third row.]
[image: Matrix \( A_3 = \begin{bmatrix} 0.5 & 0.7 & 0.7 \\ 0.3 & 0.5 & 0.5 \\ 0.3 & 0.5 & 0.5 \end{bmatrix} \).]
3.5 Consistency test of the judgment matrix
Because the second-order matrix itself has consistency, it is not necessary to check the consistency of A1, but only to check the consistency of A2 and A3. The transformed consistent complementary judgment matrices are as follows.
[image: Matrix \( A_2 \) is a three by three matrix with elements: first row 0.500, 0.625, 0.675; second row 0.375, 0.500, 0.550; third row 0.325, 0.450, 0.500.]
[image: Matrix \( A_3 \) with values: top row \( 0.500, 0.650, 0.650 \); middle row \( 0.350, 0.500, 0.500 \); bottom row \( 0.350, 0.500, 0.500 \).]
By substituting A1, as well as the transformed A2 and A3 consistent complementary judgment matrices, into Formula 3, the weights of each evaluation factor can be obtained. Then, according to Formula 4, the ranking weight vector of the evaluation indicators relative to the overall goal can be obtained. The specific data are shown in Table 7.
TABLE 7 | Evaluation index weights.
[image: Table showing hierarchical total ranking weights. The target layer "L" divides into standard layers \(M_1\) and \(M_2\) with weights 0.450 and 0.550, respectively. \(M_1\) includes index layers \(N_1\), \(N_2\), \(N_3\) with weights 0.383, 0.321, 0.296 and total ranking weights 0.172, 0.145, 0.133. \(M_2\) includes index layers \(N_4\), \(N_5\), \(N_6\) with weights 0.383, 0.308, 0.308 and total ranking weights 0.211, 0.169, 0.169.]3.6 Fuzzy comprehensive evaluation
After determining the hierarchical total ranking weight of the index layer, the aggregate gradation is optimized by combining fuzzy comprehensive evaluation, and the membership values of each index in nine gradations are calculated according to Equations 5, 6, as shown in Table 8. Calculate the average membership value of six indexes under different factors and levels, and obtain the change relationship diagram between each index and factor and level, as shown in Figures 3A–C, 4A–C.
TABLE 8 | Membership value of evaluation indexes.
[image: Table displaying various gradations with columns for dynamic stability, Marshall stability, voids filled with asphalt, void ratio, immersion Marshall stability, and freeze-thaw splitting tensile strength ratio. Each row shows corresponding values for nine different gradations, labeled from 1# to 9#.][image: Bar charts labeled A, B, and C show the average membership values at positions one, two, and three on a gradation curve for categories P and Q. Each chart compares these categories, with category P shown in orange and category Q in blue. Error bars indicate variability.]FIGURE 3 | Influence of gradation curve position on high-temperature stability. (A) Dynamic stability. (B) Marshall stability. (C) Voids filled with asphalt.
[image: Bar charts labeled A, B, and C illustrate average membership values versus gradation curve positions. Each chart compares two data sets, P and Q, represented by different colors. Chart A shows varying values for positions one to four. Chart B has similar trends for positions one to three. Chart C presents increased uniformity across the positions, highlighting differences between P and Q.]FIGURE 4 | Influence of gradation curve position on water stability. (A) Void ratio. (B) Immersion Marshall stability. (C) Freeze–thaw splitting tensile strength ratio.
As can be seen from Figure 3A, the dynamic stability of mineral aggregate gradation obtained by combining the lower position of the coarse aggregate gradation curve with the middle position of the fine aggregate gradation curve (P3Q1) is better, and the asphalt mixture composed of it has higher rutting resistance under high temperature. A large amount of coarse aggregates bear the main load, while the fine aggregates in the middle fill the pores. These two types of aggregates are mutually embedded and squeezed, forming a good skeleton structure with high resistance to shear slip and compression deformation. Therefore, it has high dynamic stability, fewer ruts, and good high-temperature stability. As can be seen from Figure 3B, the combination of the lower position of the coarse aggregate gradation curve and the upper position of the fine aggregate gradation curve (P3Q2) gives the best Marshall stability of the mineral aggregate gradation, so the strength of the asphalt mixture is higher. Because the structural changes of fine aggregates can better affect the Marshall stability of asphalt mixtures, Q2 has more fine aggregates and bears stronger extrusion pressure during the experimental process, resulting in higher stability (Xu et al., 2008). As can be seen from Figure 3C, the voids filled with asphalt of mineral aggregate gradation formed by the upper position of the coarse aggregate gradation curve and the middle position of the fine aggregate gradation curve (P2Q1) is the closest to the median, and the asphalt mixture is more durable.
It can be seen from Figure 4A that the combination of the void ratio closest to the median is the upper position of the coarse aggregate gradation curve and the middle position of the fine aggregate gradation curve (P2Q1), and the asphalt mixture formed by its mineral aggregate gradation has better water resistance and plastic deformation resistance. Figures 4B, C show that the mineral aggregate gradation formed by the combination of middle position of coarse aggregate gradation curve and middle position of fine aggregate gradation curve (P1Q1) and middle position of coarse aggregate gradation curve and lower position of fine aggregate gradation curve (P1Q3) has the best immersion Marshall stability and freeze–thaw splitting tensile strength ratio, and asphalt mixture has the best water stability. An appropriate proportion of coarse and fine aggregates can improve the water resistance of asphalt mixtures, reduce the likelihood of water loss and damage, and avoid cracking and damage.
According to Equation 7, the fuzzy comprehensive evaluation value F of nine gradations can be obtained as shown in Figure 5.
[image: Bar chart displaying comprehensive evaluation values for gradation numbers one to nine. The highest value is 0.921 for gradation number one, and the lowest is 0.424 for gradation number three. Values vary between approximately 0.424 and 0.921.]FIGURE 5 | Fuzzy comprehensive evaluation value.
From Figures 3, 4, it can be seen that the evaluation of high-temperature stability and water stability of asphalt mixture needs single-index analysis, and the optimal combination scheme determined by different indexes is different. However, the fuzzy comprehensive evaluation method can be used to obtain the membership value of each index of each gradation, and finally the gradation with the best comprehensive performance of asphalt mixture can be determined by the fuzzy comprehensive evaluation value. According to the maximum membership principle of fuzzy theory, it can be seen from Figure 5 that the comprehensive road performance of nine gradations is ranked as 1# > 5#>4# > 7#>2# > 9#>8# > 6#>3#, so the best aggregate gradation is the 1# gradation.
The use of the fuzzy analytic hierarchy process and comprehensive evaluation method can enable us to have better grading selection. By selecting a better grading, we can improve the material performance, save costs and resources, improve construction quality, and extend project life, thereby promoting the development and progress of engineering and materials fields. Therefore, precise selection and optimization of gradation have important practical significance and value.
4 CONCLUSION
This article is based on the Jicao Expressway project to conduct research on the optimal gradation of intermediate layer asphalt mixtures and proposes a theoretical system suitable for gradation optimization analysis. First, the Marshall stability test, immersion Marshall test, rutting test, and freeze–thaw splitting test were conducted on nine experimental groups to obtain the road performance indicators of asphalt mixture. Then, the fuzzy analytic hierarchy process and fuzzy comprehensive evaluation method were used to evaluate the road performance of nine graded asphalt mixtures and select the gradation ratio. The main conclusions are as follows.
	(1) This study established a multi-level evaluation model for the performance of AC-20 asphalt mixture pavement using the analytic hierarchy process (AHP). Six indicators affecting the two factors were determined with the high temperature stability and water stability of the intermediate layer as the primary consideration factors. The relative importance and membership relationship between each factor and indicator were fully considered, improving the objectivity and accuracy of the comprehensive evaluation of asphalt mixture pavement performance.
	(2) Using fuzzy mathematics theory and analytic hierarchy process to calculate the evaluation index weight of asphalt mixture road performance and determining the index weight vector through the fuzzy consistent judgment matrix can reduce the subjective one-sidedness of the traditional expert scoring method. The membership function is introduced, and the membership value is calculated, which solves the incomparability between indexes. The proposed evaluation system and weight determination method provide a theoretical basis for subsequent research on the road performance of asphalt mixtures.
	(3) This study solves the problem of only obtaining the optimal combination scheme for a single indicator and is unable to obtain the optimal gradation for comprehensive road performance. Based on the fuzzy analytic hierarchy process and comprehensive evaluation method, the optimal gradation for the AC-20 asphalt mixture mineral aggregate is proposed as the 1 # gradation, providing a reference for the selection of asphalt mixture gradation in research.
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Introduction: This study investigates rheological behavior and 3D printability of SBS-, CR-, SBS/CR-modified asphalt binder with C9 petroleum resin (C9PR) for crack filling.Methods: Thirteen types of modified asphalt binders with respective C9PR of 0 wt%, 1 wt%, 2 wt%, 3 wt% were prepared and evaluated for their microstructure, physical properties, compatibility, rheological properties, and 3D printability.Results: The results show that SBS, CR, and C9PR influenced significantly on rheological properties and 3D printability of modified asphalt binders. Physical blending and improved storage stability of modified asphalt binders were observed with the addition of C9PR. In addition, the combination of SBS and CR showed enhanced viscoelastic behavior and temperature sensitivity compared to the base asphalt binder due to the increased swelling behavior of SBS and CR in asphalt binders by C9PR.Discussion: Asphalt binder with 3 wt% SBS, 15 wt% CR, and 1 wt% C9PR showed improved viscosity, elasticity, compatibility, high-temperature rutting resistance, and fatigue resistance. Additionally, C9PR expanded 3D printable temperature range of modified asphalt binder, leading to its potential use as an additive in 3D printed asphalt binders.Keywords: styrene–butadiene–styrene, crumb rubber, C9 petroleum resin, rheological properties, compatibility, 3D printability, 3D-printed asphalt binder
1 INTRODUCTION
Pavement cracks easily cause surface water or other harmful substances to enter the surface layer and road base, resulting in the structural damage of the road and driving hazards (Zhang et al., 2023). In China, cracks are often treated by measures such as crack filling and crack banding (Cao et al., 2022; Li et al., 2017). However, these traditional maintenance methods have problems, such as low construction efficiency, difficulty in ensuring the safety of construction workers, and maintenance effects affected by environmental factors. In recent years, 3D printing technology has been gradually applied in the field of road engineering, especially in the crack repair project of asphalt pavements, due to its advantages of automation, precision, and rapidity. It can effectively improve the level of engineering automation, ensure the quality of crack repair, and reduce safety risks faced by staff (Jackson et al., 2018; Ma et al., 2017).
As a new type of pavement crack-repair material, 3D-printed asphalt binder needs to have good high-temperature rheological properties and printability, and it is difficult to satisfy these requirements using base asphalt binder (Aamer et al., 2022; Gong et al., 2023). High-quality modified asphalt binders commonly used in engineering include styrene–butadiene–styrene (SBS)-modified asphalt binder and crumb rubber (CR)-modified asphalt binder. SBS is commonly used to modify asphalt binder for improving both high- and low-temperature performance, and CR is commonly used to improve viscoelastic properties. However, it is still difficult to satisfy the requirements of 3D printing technology to repair cracks using single-modifier-modified asphalt binders. The lower workability and higher production cost of SBS-modified asphalt binder limit its application. CR-modified asphalt binder is also difficult to handle due to its poor processability, and it cannot be stored for a long time due to its phase separation problems. At the same time, the swelling process of CR usually requires continuous stirring of the mixture at high temperatures, which imposes higher requirements on the preparation process (Mturi et al., 2014; Presti, 2013; Shatnawi and President, 2010). SBS/CR composite-modified asphalt binder makes up for the insufficient performance of the single-modifier-modified asphalt binder, but there is still a problem of insufficient compatibility, which makes it difficult to satisfy the printability requirements of 3D-printed asphalt binder.
In face of the limitations of traditional CR-modified asphalt binder, an alternative material called wet-process terminal blend has attracted more and more attention. This alternative material overcomes the problem of segregation by using less and finer CR and introducing high-temperature shear (Cai et al., 2014; Presti, 2013; Presti et al., 2012). Unlike the swelling mechanism of general CR, terminal blend technology primarily relies on the desulfurization or depolymerization of rubber in hot asphalt binder and the full dispersion of rubber in the blend to obtain a homogeneous and stable modified binder (Presti, 2013; Presti et al., 2012; Zhang J. et al., 2021). Researchers have found that terminal blend binder has many advantages, such as good workability, especially suitable for dense graded mixtures, and is suitable for almost all fields where traditional CR asphalt binder can be used (Cai et al., 2014; Presti, 2013; Presti et al., 2012; Shatnawi and President, 2010). However, terminal blend binder still needs to solve many problems before it is widely used in engineering. For example, the deformation and fatigue resistance of the terminal blend binder may be reduced due to reduced viscosity and elasticity loss caused by the desulfurization effect (Glover et al., 2000; Presti, 2013; Presti et al., 2012). In response to the above, SBS is often used to modify terminal blend binder to compensate for the loss of viscosity and elasticity (Presti, 2013; Shatnawi and President, 2010; Zhang W. et al., 2021). However, SBS- and terminal blend–CR composite-modified asphalt binder still has the problem of insufficient compatibility. Based on this, C9 petroleum resin (C9PR) was considered a compatibilizer (Wu et al., 2022; Zhang J. et al., 2021; Zhao and Dong, 2021).
C9PR, also known as aromatic petroleum resin, is a functional resin polymerized from an unsaturated C9 fraction, a by-product of the petrochemical industry, containing unsaturated bonds and a benzene ring structure. It is easily soluble in organic solvents and characterized by good compatibility with thermoplastic rubber, a high softening point, good aging resistance, and low price. Zhang W. et al. (2021) and Wu et al. (2022) found that petroleum resin can promote the swelling behavior of polymer in asphalt binder by reducing the particle size of the polymer modifier and finally improve the high- temperature performance of the modified asphalt binder. Cong et al., (2016) found that the high-temperature performance of SBS-modified asphalt binder with C9PR was better than that of the SBS-modified asphalt binder. Li Z. et al. (2019), Nie et al. (2019a), and Nie et al. (2019b) found that adding C9PR to the SBS/asphalt binder/oil mixture can further improve the compatibility of SBS and asphalt binder without increasing the oil content and effectively reduce the negative reaction caused by the addition of aromatic oil while increasing viscosity. However, Kim et al. (2020) found that the viscosity of composite-modified asphalt binder with C9PR was reduced. Cong et al. (2016) and Gong et al. (2022) found that when the C9PR level exceeded a certain amount, the viscosity of polymer-modified asphalt binder decreased. Most scholars have added C9PR to modified asphalt binders with a high SBS content (such as 6% and 8%) and concluded that the improvement in the performance of asphalt binder is proportional to the content of C9PR. However, according to a few researchers, C9PR has a peak effect on the performance improvement of modified asphalt binder when using SBS-modified asphalt binder purchased directly from certain companies. This means that the effect of C9PR on the performance of SBS-modified asphalt binder is not only closely related to the content of C9PR but also closely related to the content of SBS. In most studies on SBS-modified asphalt binders, researchers replaced part of SBS by adding a certain amount of CR with the aim of increasing economy and sustainability while maintaining performance. Therefore, it is necessary to study the effect of C9PR on the performance of the lower-content modifier-modified asphalt binder in the context of sustainable development.
Based on the above discussion, this study selected SBS and CR (treated by terminal blend) as the main modifiers and selected C9PR as an additive and compatibilizer to prepare modified asphalt binders. The road performance of modified asphalt binders was evaluated using microscopic tests, physical property tests, and rheological tests. The effect of C9PR on the performance of binders was investigated. After the performance tests, suitably modified asphalt binders were selected for 3D printing tests to verify whether the prepared modified asphalt binders show potential to be used as crack-filling material for 3D printing. The purpose of this study was to prepare a modified asphalt binder suitable for 3D printing to fill and repair cracks. A technical flowchart of this paper is shown in Figure 1.
[image: Flowchart depicting the process of preparing and analyzing modified asphalt binders. It starts with raw material performance inspection, leading to the preparation of SBS, CR, and SBS/CR modified asphalt binders. Analyzes micro-analysis, physical properties, compatibility, rheological properties, and printability. Testing methods include FTIR, softening point difference, phase separation coefficient, temperature sweep, frequency sweep, MSCR, and LAS. The chart links to 3D printing performance, crack sealing potential, and pavement performance.]FIGURE 1 | Experimental flow diagram.
2 MATERIALS
The base asphalt binder used in this study was SK-70 road petroleum asphalt binder. SBS used in this study was T161B linear SBS produced by Xinjiang Dushanzi Petrochemical Company, and its block ratio was 30:70. In this study, 80 mesh CR was used, and C9PR used in this study was produced by Shandong Yousuo Chemical Technology Co., Ltd. Modified asphalt binders were prepared with C9PR of 0 wt%, 1 wt%, 2 wt%, and 3 wt%, respectively.
	(1) The base asphalt binder was heated to approximately 200°C. After adding 15 wt% CR, it was quickly heated to 220°C and sheared at a high speed of 5,000 r/min for 1 h. This step needs to be omitted for modified asphalt binders with SBS alone (Cai et al., 2014; Presti, 2013; Presti et al., 2012).
	(2) The base (or modified) asphalt binder was cooled (or heated) to approximately 175°C; 3 wt% SBS and C9PR with different contents were added; and after keeping temperature dissolved for 30 min, the asphalt binder was sheared at a high speed of 5,000 r/min for 1 h.
	(3) Then, a 0.15-wt% sulfur stabilizer was added to the modified asphalt binder, and the binder was sheared at a high speed of 5,000 r/min for 20 min.
	(4) Finally, the asphalt binder sample was heated in an oven at 165 C for 30 min.

The abbreviated name of each modified asphalt binder sample is shown in Table 1.
TABLE 1 | Detailed information about asphalt binders.
[image: A table displaying designations and compositions of asphalt binders. It includes: BA as the base asphalt binder, S₃ with 3 wt% SBS, S₃C₁ to S₃C₃ with increasing wt% C9PR, R₁₅ with 15 wt% CR, R₁₅C₁ to R₁₅C₃ with increasing wt% C9PR, S₃R₁₅ with 3 wt% SBS and 15 wt% CR, and S₃R₁₅C₁ to S₃R₁₅C₃ with increasing wt% C9PR.]3 MEASUREMENT
3.1 Fourier-transform infrared spectroscopy
In this study, Fourier-transform infrared (FTIR) spectroscopy was conducted using a Bruker TENSOR II FTIR spectrometer equipped with a reflection diamond ATR accessory. Scans within wavenumbers ranging from 400 cm−1 to 4,000 cm−1 were obtained and averaged for each sample. The intensity of the FTIR spectrum can be plotted as the percentage of light transmittance or absorbance at each wavenumber. The spectrum baseline correction was performed using OMNIC software.
3.2 Fluorescence microscopy
In this study, the Imager.Z2 electric fluorescence microscope (FM) of Carl Zeiss Optics Co., Ltd., Germany, was used to excite the asphalt binder samples by using an ultraviolet light source with a short wavelength and high frequency filtered by a point-light source of high-efficiency light emittance, and the micro-morphological characteristics of each modified asphalt binder sample were observed. The dispersion effect of the modifier and its compatibility with the asphalt binder were analyzed and evaluated. The samples were observed at an ambient temperature and 200× magnification.
3.3 Physical properties
In this study, the 25-C penetration, softening point, 15-C ductility, and rotational viscosity of modified asphalt binders were tested according to the Standard Test Methods of Bitumen and Bituminous Mixture for Highway Engineering (JTG E20-2011). The elastic recovery rate and cone penetration of the modified asphalt binders were tested according to the Standard Test Method of Hot-poured Sealants for Pavement (JT/T 740-2015).
3.4 Compatibility
The phase separation of polymer-modified asphalt binders is a serious issue in the asphalt binder industry. Therefore, a hot storage test is necessary to characterize the high-temperature storage stability of modified binders during transportation and storage periods. Experimental methods and analytical approaches were combined with Chinese Standard JTG E20-2011 and European Standard EN 13399 methods. Approximately 35 g modified binder was poured into an aluminum cigar tube (32-mm diameter and 160-mm height), and then, the tube was sealed carefully using pliers. The tube was moved to an oven and kept vertically at 163°C ± 5°C for 48 h. Then, the cigar tube was taken out of the oven and cooled in a refrigerator at 5°C for 4 h. Subsequently, the frozen cigar tubes were cut into three equal sections. The samples from the top and bottom sections were utilized and evaluated for storage stability using the softening point test (experimental methods and equipment follow JTG E20-2011) (Galooyak et al., 2010; Hallmark-Haack et al., 2019; Leng et al., 2018; Qian et al., 2018; Qian et al., 2019) and segregation index (SI) [obtained from the dynamic shear rheometer (DSR) test results]. SI was defined as the following equation (Hallmark-Haack et al., 2019; Hosseinnezhad et al., 2019; Kabir et al., 2020; Li Z. et al., 2019; Xu et al., 2017; Yu et al., 2018):
[image: SI equals the difference between G-star over sine delta max and G-star over sine delta avg, divided by G-star over sine delta avg.]
where (G∗/sinδ)max is the higher value of either the top or bottom section of the cigar tube and (G∗/sinδ)avg is the average value of both sections. G* and δ were measured using the Superpave 102 DSR. The test temperature was set to 60°C, the shear strain was set to 0.1%, and the loading frequency was 10 rad/s. The smaller the SI value, the better the compatibility between the modifiers and asphalt binders.
3.5 Temperature sweep
The temperature scanning program in the DSR was used to test the high-temperature deformation resistance of modified asphalt binders. In this test, a flat rotor with a diameter of 25 mm was selected. The flat gap was 1 mm; the test temperature was set at 30°C, 40°C, 50°C, 60°C, 70°C, and 80°C; the strain level was 0.1%; and load frequency was fixed at 10 rad/s. The phase angle and rutting factor were used to evaluate the shear deformation resistance and high-temperature performance of the modified asphalt binders.
3.6 Frequency sweep
The frequency scanning test program in the DSR was used to test the modified asphalt binder samples to obtain the rheological parameters of asphalt binder samples at different loading frequencies, loading temperatures, and shear stress levels. In the frequency scanning test program, a 25-mm parallel plate was selected for the test rotor, and the plate gap was 1 mm. The load frequency range was 0.1 Hz ∼ 100 Hz; the temperature range was 30°C, 40°C, 50°C, 60°C, 70°C, and 80°C; and the shear strain value was controlled to be 0.1%. According to test results, the Williams–Landel–Ferry (WLF) function was used to fit displacement factors of all samples with 35°C as a reference temperature, and the generalized logistic sigmoidal model was used to fit the complex shear modulus and phase angle based on the time–temperature superposition principle (Rowe and Sharrock, 2009; Yusoff et al., 2011).
3.7 Multiple stress creep–recovery
The multiple stress creep–recovery (MSCR) test is used to characterize modified asphalt binders and has good correlations with asphalt mixture rutting. The MSCR test was performed on a DSR to test elastic recovery behavior and stress-dependent behavior at 64°C under a creep stress of 0.1 kPa and 3.2 kPa, following AASHTO MP 19. Before the test, all asphalt binders were subjected to the short-term aging treatment (Rolling Thin-Film Oven Test, RTFOT). Two stress levels of 0.1 kPa and 3.2 kPa were used, of which 20 creep (1 s)–recovery (9 s) cycles were performed at the stress level of 0.1 kPa, and 10 cycles were performed at the stress level of 3.2 kPa for a total of 300 s. The stress-dependent behavior and unrecoverable behavior of binders were characterized by the creep characteristics of samples during the 100 s–300-s loading cycle.
3.8 Linear amplitude sweep
According to AASHTO TP101, the fatigue performance of the modified asphalt binders was studied by the linear amplitude scanning (LAS) test. LAS test samples were all asphalt binder samples after 20 h of pressure aging vessel (PAV). DSR equipment was used in this test, and the temperature was set to 25°C. The LAS test program mainly includes two stages. In the first stage, a frequency scan with a constant shear strain amplitude of 0.1% was applied to the samples, and the loading frequency range was 0.2 Hz∼30 Hz to obtain the undamaged rheological properties of asphalt binder samples in the LVE range. In the second stage, amplitude scanning was performed on the samples to obtain the damage characteristics of asphalt binder samples, in which the oscillatory shear strain increased linearly from 0% to 30% within 5 min at a loading frequency of 10 Hz. After the test, the predicted fatigue life of each modified asphalt binder was calculated by VECD theory (Park et al., 1996).
3.9 3D printing
The 3D printer used in this study is a plunger extruder and is shown in Figure 2. The printer is designed as a three-axis system, in which the needle head is moved by a single-stepper motor to print to a flat plate. The printer is composed of an extrusion plunger, a stepper motor driving the screw, a heating barrel, and a printing needle head. The maximum print size is 100 mm × 100 mm × 50 mm.
[image: Diagram of a 3D printer mechanism alongside an annotated schematic. The diagram shows a vertical structure with electronic components at the bottom. The schematic depicts a linear stepping motor, screw, piston, and injection material leading to a needle head.]FIGURE 2 | 3D printer: internal structure and key equipment.
4 RESULTS AND DISCUSSION
4.1 FTIR analysis
The FTIR spectroscopy results and functional groups corresponding to the characteristic absorption peaks of C9PR, BA, and each modified asphalt binder are shown in Figure 3 and Table 2, respectively. Figure 3A shows that the absorption peak of C9PR at 3,445 cm−1 is the stretching vibration absorption peak of -OH. The absorption peak at 3,000∼3,100 cm−1 is the stretching vibration absorption peak of olefin C-H and aromatic compound C-H. The absorption peak at 2,900∼3,000 cm-1 is the antisymmetric stretching vibration absorption peak of -CH2-. The absorption peak at 1,500∼1,700 cm−1 is the vibration absorption peak of the olefin double bond and benzene ring skeleton. The absorption peak at 1,479 cm−1 is generated by the vibration of the C-S bond, indicating that C9PR contains other impurity atoms in addition to C and H. The absorption peak at 1,032 cm−1 is the sulfoxide absorption peak. The absorption peak at 748 cm−1 is the absorption peak of the substituent on the benzene ring. The absorption peak at 699 cm−1 is the C-H vibration absorption peak on the benzene ring of the polystyrene segment.
[image: Four infrared spectroscopy graphs showing absorption bands for different asphalt binders. (A) Compares C9PR with BA, showing distinct peaks. (B) Displays SBS modified asphalt binder with multiple overlapping spectra. (C) Shows CR modified asphalt binder with unique absorption bands. (D) Depicts SBS/CR composite modified asphalt binder, combining characteristics of both SBS and CR modifications.]FIGURE 3 | FTIR spectra of C9PR, BA, and modified asphalt binders. (A) C9PR and BA. (B) SBS-modified asphalt binder. (C) CR-modified asphalt binder. (D) SBS/CR composite-modified asphalt binder.
TABLE 2 | Location of absorption peaks and corresponding functional groups in the infrared spectra of modified bituminous binders (Hou et al., 2018).
[image: Table listing peak positions in inverse centimeters with corresponding functional groups and vibrational types: 3400, stretching vibration of -OH; 2920, antisymmetric stretching of -CH₂-; 2850, symmetric stretching of -CH₂-; 1600, conjugated double bond in benzene ring; 1455, -C-H stretching in CH₃; 1375, C-H surface stretching in -CH₂-; 1032, sulfinyl group -S=O; 966, polybutadiene segment -C=C-; 813, C-H out-of-plane bending on benzene ring; 699, C-H vibration on benzene ring of polystyrene.]Figures 3B–D show that the infrared spectrum of the SBS-modified asphalt binder has obvious absorption peaks at 966 cm−1 and 699 cm−1, which is the result of C-H vibration on the carbon–carbon double bond of the polybutadiene segment and benzene ring of the polystyrene segment in the SBS component, respectively. Compared with the single-modifier-modified asphalt binder, the SBS/CR composite-modified asphalt binder has no new characteristic peak, but the absorption peak intensity at 1,600, 1,455, 1,375, 966, and 699 cm−1 is weakened, which indicates that in the process of SBS and CR composite modification, chemical reactions mainly occur on the conjugated double bond on the benzene ring, i.e., -CH3, -CH2-, -C=C-, and C-H on the benzene ring, among which the absorption peak intensity at 966 cm−1 (-C=C-) changes most obviously. This is because -C=C- is unstable, easily opens during heating and shearing, and has strong activity after opening, thus undergoing a branching reaction with CR.
With the increase in the C9PR content, no new characteristic peaks appeared in each modified asphalt binder, indicating that the modification effect of C9PR on each modified asphalt binder was physical and no chemical change occurred. With the increase in the C9PR content, the peak area at 900∼650 cm−1 of each modified asphalt binder increased slightly, indicating that C9PR introduced aromatics into the modified asphalt binder system.
4.2 FM analysis
FM images of each modified asphalt binder magnified 200 times are shown in Figure 4. Comparing images of each sample showed that the different fluorescence characteristics of BA and polymer modifiers lead to obvious color differences between two phases in a miscible system. The brighter fluorescence points are various modifier particles, while C9PR and BA are similar in color under the fluorescence microscope. Figures 4A–D show that SBS modifier particles are large, and the dispersion in the asphalt binder is not uniform. However, with the increase in C9PR incorporation, the size of SBS particles gradually decreases, and the distribution gradually becomes uniform.
[image: Twelve microscopy images arranged in four rows with three images each, labeled A to L. Each image shows a dark background with scattered yellowish spots. The labels indicate different conditions: (A) S₃, (B) S₃C₁, (C) S₃C₂, (D) S₃C₃, (E) R₁₅, (F) R₁₅C₁, (G) R₁₅C₂, (H) R₁₅C₃, (I) S₃R₁₅, (J) S₃R₁₅C₁, (K) S₃R₁₅C₂, (L) S₃R₁₅C₃.]FIGURE 4 | FM images of each modified asphalt binder. (A) S3. (B) S3C1. (C) S3C2. (D) S3C3. (E) R15. (F) R15C1. (G) R15C2. (H) R15C3. (I) S3R15. (J) S3R15C1. (K) S3R15C2. (L) S3R15C3.
From Figures 4E–L, it can be found that CR-modified asphalt binder and SBS/CR composite-modified asphalt binder showed similar rules. This may be because C9PR, which is rich in aromatics, can promote the swelling of SBS and CR in the asphalt binder, thus promoting the swelling of modifier particles in the preparation process of modified asphalt binders. Particles are sheared into smaller particles at high speed, which ultimately increases the dispersion and compatibility of each modifier in the asphalt binder. Therefore, C9PR shows potential to be an additive used to increase the 3D printing performance of modified asphalt binders.
4.3 Physical property analysis
Table 3 shows that with the increase in C9PR content, the penetration and cone penetration of each modified asphalt binder decrease. The softening point of each modified asphalt binder increases with the increase in C9PR content, but the increasing trend gradually weakens. This may be because C9PR is rich in aromatic components, and the addition of a small amount can improve the dispersion of polymer copolymers and the uniform dispersion of modifiers. However, when the C9PR content exceeds a certain level, the enhancement effect of the polymer copolymer on modified asphalt binders is less than the compatibility effect of the aromatic component. In this case, the improvement of C9PR on the high-temperature stability of the modified asphalt binder is limited.
TABLE 3 | Physical properties of modified asphalt binders.
[image: Table showing asphalt binder samples with columns for softening point, penetration at twenty-five degrees Celsius, ductility at fifteen degrees Celsius, rotational viscosity at one hundred thirty-five degrees Celsius, elastic recovery rate, and cone penetration, all with corresponding numeric values.]Rotational viscosity at 135°C of the single SBS or CR-modified asphalt binder is much smaller than that of the SBS/CR composite-modified asphalt binder, indicating that the performance of the composite-modified asphalt binder is better. The increase in the rotational viscosity of asphalt binders caused by the addition of 1 wt% C9PR may be due to the compatibilization effect of C9PR on SBS- and CR-modified asphalt binders, which promotes the performance of the modified asphalt binder. Viscosity reduction caused by C9PR with more than 1% content may be due to the excessive compatibilization of aromatics, which weakens the crosslinking effect between macromolecules, resulting in a decrease in viscosity.
With the increase in C9PR content, the ductility and elastic recovery rate of modified asphalt binders decreased slightly, and the decrease rate increased. This may be because C9PR has a rigid side-chain benzene ring. With the increase in C9PR content, modified asphalt binders show greater brittleness at low temperature, and elastic properties and low-temperature ductility are also affected.
According to JT/T 740–2015, the requirements of a high-temperature sealant are as follows: softening point ≥90°C, cone penetration ≤70 (0.1 mm), and elastic recovery 30%∼70%. Combined with specification, it can be found that single-modifier-modified asphalt binders do not meet the technical requirements of various sealants in the specification, while composite-modified asphalt binders with any content of C9PR can meet the specification requirements of a high-temperature sealant.
4.4 Compatibility analysis
SBS and CR are incompatible with asphalt binder thermodynamics, and segregation will occur during storage, which will affect the road performance of the modified asphalt binder and printability as a 3D-printed asphalt binder. Therefore, based on the segregation test, the effect of C9PR on the compatibility of SBS-, CR-, and composite-modified asphalt binders was evaluated by the softening point difference method and phase separation coefficient method, respectively.
The softening point difference of each modified asphalt binder is shown in Figure 5A. The results show that the softening point difference of the single SBS-modified asphalt binder and SBS/CR composite-modified asphalt binder does not satisfy the requirements of segregation softening point difference less than 2.5°C in the specification without adding C9PR. With the increase in C9PR content, the softening point difference of each asphalt binder sample showed a decreasing trend, indicating that C9PR played a positive role in the compatibility of modified asphalt binders. The compatibility effect of C9PR on the modifier and asphalt binders decreases with increasing content, which may indicate that for 3 wt% SBS and 15 wt% CR, the compatibility effect of 2 wt% C9PR is not much different from that of 3 wt% C9PR, and the compatibility effect of C9PR gradually approaches saturation.
[image: Bar charts compare the softening point difference and separation percentage for various samples. Chart (A) shows softening point differences ranging from 1.8 to 3.5 degrees Celsius, highlighting a >2.5-degree area. Chart (B) shows separation percentages ranging from 8.7 to 38.9. Each chart presents data in green, blue, and purple bars with specific values listed above the bars.]FIGURE 5 | Compatibility analysis of each modified asphalt binder sample. (A) Softening point difference (B) Separation.
However, some scholars believe that the softening point difference test is simple to operate and has poor detection sensitivity (Yu et al., 2018). When evaluating the compatibility of the polymer modifier and petroleum asphalt binders, the phase change in the heat storage process of the two-phase system cannot be detected. Polymer-modified asphalt binder is a viscoelastic material. The dynamic mechanical method based on rheology is very suitable to detect differences between the petroleum asphalt binder and polymer modifier. Therefore, some researchers have proposed a phase separation coefficient based on rheological test methods to evaluate the compatibility of the polymer modifier and petroleum asphalt binder (Hallmark-Haack et al., 2019; Hosseinnezhad et al., 2019; Kabir et al., 2020; Li J. et al., 2019; Xu et al., 2017; Yu et al., 2018). The degree of phase separation of the polymer modified asphalt binder calculated quantitatively by the phase separation coefficient (Equation 1) is shown in Figure 5B. With the addition of C9PR, the SI of each modified asphalt binder sample showed a decreasing trend, which indicated that the addition of C9PR was favorable to the compatibility of SBS and CR in the asphalt binder, thus improving the high-temperature storage stability of modified asphalt binders. It is worth noting that when the C9PR content increased from 0% to 3%, the SI value of S3C1 decreased by 7.95% compared with S3, the SI value of S3C2 decreased by 5.61% compared with S3C1, and the SI value of S3C3 decreased by 2.73% compared with S3C2, and the CR-modified asphalt binders and SBS/CR composite-modified asphalt binders also showed a similar pattern. The trend of the SI graph is similar to that of the softening point difference graph. This proves the conclusion of the softening point difference test, i.e., C9PR promotes the compatibility of SBS, CR, and BA, and the compatibilization effect is closely related to the content of the modifier and its own content.
4.5 Temperature sweep analysis
4.5.1 Phase angle analysis
In Superpave specification, the phase angle is defined as the time lag between strain and stress under traffic loads, which is highly dependent on temperature and loading frequency. It can be used as an indicator of the viscosity and elasticity of binders. When the phase angle is close to 90°, the asphalt binder tends to exhibit the behavior of a viscous liquid, and there is no obvious elastic effect.
The relationship curve of the phase angle of each asphalt binder sample with temperature change is shown in Figure 6A. It can be seen that the trend of the phase angle of SBS-modified asphalt binders and CR-modified asphalt binders with temperature change is similar to that of BA, and both show a gradual upward trend with the increase in temperature. However, when the temperature reaches 60°C, the phase angles of S3R15, S3R15C1, S3R15C2, and S3R15C3 peaks show an abnormal downward trend. This may be because under high-temperature conditions, the network-reinforced structure formed by the polymer dominates the rheological response of the binder and increases the friction between asphalt binder molecules. This resists the viscous flow of asphalt binders. In addition, when the content of C9PR is 1%, modified asphalt binders show a lower phase angle at different temperatures, but when the content of C9PR exceeds 1%, the phase angle increases slowly, indicating that the addition of excessive C9PR reduces the viscosity and elastic properties of modified asphalt binders.
[image: Two graphs showing temperature relationships: (A) Phase angle versus temperature curve, displaying multiple datasets with varying phase angles between 0° and 72° as the temperature increases from 0°C to 80°C. (B) Rutting factor versus temperature curve, showing various datasets with rutting factors decreasing as temperature rises from 0°C to 80°C, with an inset focusing on lines that intersect around 40°C.]FIGURE 6 | Temperature sweep analysis of each modified asphalt binder sample. (A) Phase angle–temperature relationship curve. (B) Rutting factor–temperature relationship curve.
4.5.2 Rutting factor analysis
To characterize the anti-rutting performance of the prepared asphalt binder samples, the trend curve of each asphalt binder rutting factor (G*/sinδ) with temperature was plotted, as shown in Figure 6B. Figure 6B shows that the rutting factor decreases with the increase in temperature. In the case of high temperature, asphalt binders exhibit almost pure viscous liquid behavior, poor deformation resistance, and inability to better resist external pressure, thus becoming more prone to deformation. Under the condition of the same temperature, the type and content of the modifier have an obvious influence on the rutting factor. The experimental results showed that the order of high-temperature rutting resistance of each modified asphalt binder sample is as follows: S3R15C1 > S3R15C2 > S3R15 > S3R15C3 > S3C1 > S3C2 > S3 > R15C1 > S3C3 > R15C2 > R15 > R15C3 > BA. This shows that for 3 wt% SBS and 15 wt% CR, C9PR has a critical blending value between 0% and 2%. When the content of C9PR reaches this critical value, the high-temperature anti-rutting performance of the composite-modified asphalt binder can be maximum. Once the content of C9PR exceeds this critical value, the high-temperature anti-rutting performance of the composite-modified asphalt binder will be weakened. This is consistent with the results of previous high-temperature PG classification.
4.6 Frequency sweep analysis
A temperature of 35°C was selected as the reference for drawing the master curve. Master curves of the complex shear modulus and phase angle corresponding to each modified asphalt binder sample are shown in Figure 7. Figure 7A shows that the increase in reduction frequency leads to the increase in complex shear modulus. In a low-frequency domain, the difference in the complex shear modulus of each sample is obvious. It can be found that BA has the smallest shear resistance in the same temperature and frequency range. The addition of SBS and CR will cause the master curve of the complex modulus to move up, which means that the addition of SBS or CR can improve the shear resistance of the modified asphalt binder. When the content of C9PR in each modified asphalt binder gradually increases from 0% to 3%, the master curve shows a trend of moving up first and then decreasing, which indicates that the excessive addition of C9PR has a negative impact on the deformation resistance of composite asphalt binders.
[image: Two graphs display complex shear modulus and phase angle against reduced frequency, both on logarithmic scales. Graph A shows increasing complex modulus trends. Graph B displays decreasing phase angle trends. Various datasets are marked using different symbols and colors.]FIGURE 7 | Frequency sweep analysis of each modified asphalt binder sample at 35°C. (A) Complex modulus master curve. (B) Phase angle master curve.
Figure 7B shows that the phase angle of each modified asphalt binder sample shows an approximately linear downward trend with the increase in the reduction frequency. In all samples, the phase angle of BA is the largest, and the phase angle of S3R15C1 is the smallest. The addition of SBS and CR will lead to a downward shift in the phase angle curve, indicating that both polymers can improve the shear resistance and elastic properties of the modified asphalt binder, and it is difficult to show the shear lag effect. When the content of C9PR exceeds 1%, the curve will move up again, which is consistent with the change rule of the abovementioned complex modulus master curve.
4.7 MSCR analysis
At stress levels of 0.1 kPa and 3.2 kPa, the average recovery rate and unrecoverable creep compliance of asphalt binders for 10 creep recovery cycles are expressed as R (0.1), R (3.2), Jnr (0.1), and Jnr (3.2), respectively. R represents the percentage of recoverable strain to total strain, and Jnr indicates the unrecoverable residual deformation. The rutting resistance of an asphalt binder with a larger R and smaller Jnr is stronger.
At a temperature of 64°C, R and Jnr of each modified asphalt binder are shown in Figure 8. Figure 8A shows that BA has the smallest R value, while the R value of the SBS/CR composite-modified asphalt binder is higher, which indicates that the SBS and CR composite can effectively improve the creep recovery ability of the asphalt binder. The test result of non-recoverable creep compliance of each sample is opposite to that of the creep recovery rate, as shown in Figure 8B. The experimental results show that the SBS/CR composite-modified asphalt binder has a smaller Jnr value as a whole, while BA shows a higher Jnr value. This shows that the presence of the SBS/CR composite modifier can inhibit the generation of irreversible deformation of the asphalt binder. Compared with SBS, CR single modifier, and even BA, composite modifier-modified asphalt binders show more excellent anti-rutting performance.
[image: Two bar charts show material stress properties. Chart (A) details the average creep recovery rate with a stress sensitivity line graph. Chart (B) illustrates non-recoverable creep compliance alongside another stress sensitivity line graph. Both graphs compare performance across varying samples, marked S1 to S11.]FIGURE 8 | MSCR test results. (A) Average creep recovery rate and stress sensitivity. (B) Non-recoverable creep compliance and stress sensitivity.
The effect of C9PR on the high-temperature viscoelastic properties of the modified asphalt binder obtained by the MSCR test is consistent with the high-temperature rheological test results of the unaged asphalt binder. The test results show that the increase in the C9PR content at each stress level first increases and then decreases R of each modified asphalt binder sample and first decreases and then increases Jnr. This shows that based on the modified asphalt binder with 3 wt% SBS and 15 wt% CR, C9PR has an optimal content in the range of 0%∼2%. When the content of C9PR is optimal, C9PR plays a dominant role in compatibilization between the modifier and asphalt binder. At this time, the role of C9PR in the modified asphalt binder system is equivalent to enhancing the high-temperature elasticity of the modified asphalt binder, which is reflected in the increase in the R value and the decrease in the Jnr value. When C9PR exceeds its optimum content, the material properties of C9PR itself lead to a brittleness enhancement effect of the modified asphalt binder higher than the elasticity enhancement effect, which eventually leads to the decrease in the creep recovery ability and the increase in non-recoverable complex creep compliance.
To further characterize the sensitivity of each asphalt binder sample to load size, the stress sensitivity (Rdiff and Jnr-diff) of non-recoverable creep compliance and the creep recovery rate of different binders were calculated, and the calculation results are shown in Figure 8. It can be found that S3R15C1 presents the smallest Rdiff and Jnr-diff values, while BA has the largest Rdiff and Jnr-diff values, which indicates that the contents of SBS, CR, and C9PR can make the nonlinear viscoelasticity of the asphalt binder more significant. S3R15C1 has a more prominent low stress sensitivity, indicating that the addition of an appropriate amount of C9PR content can make the polymer-modified asphalt binder have a more stable structure under the action of shear load.
4.8 LAS analysis
The predicted fatigue life of each asphalt binder sample calculated at two strain levels is shown in Figure 9. Under the condition of 2.5% strain, the predicted fatigue life of the single SBS-modified asphalt binder is higher than that of the single CR-modified asphalt binder, which indicates that the effect of a low content of CR on the fatigue resistance of asphalt binder is weaker than that of SBS. The fatigue life of S3R15 is 5.22 times and 6.21 times higher than that of S3 and R15, respectively, which indicates that the compound content of the modifier has a great effect on the fatigue resistance of the asphalt binder. Under the condition of 5% strain, the fatigue life of each binder sample is greatly reduced, and the relationship between the fatigue lives of each asphalt binder is highly consistent with the 2.5% strain level. In general, the addition of the SBS/CR composite modifier is beneficial to improve the fatigue resistance of the asphalt binder, and this improvement effect is also prominent at a low strain level and high strain level.
[image: Bar chart comparing fatigue life for 2.5 percent and 5.0 percent strain across different materials or conditions labeled BA, S₁C, S₂C, S₃C, and others. The fatigue life is measured on a logarithmic scale from 10² to 10⁶ cycles. S₃C shows the highest fatigue life for 2.5 percent strain. Some bars have values circled in red.]FIGURE 9 | LAS test results.
The LAS test showed that the effect of C9PR on the predicted fatigue life of each modified asphalt binder was related to the dosage. Under the condition of 2.5% strain, Nf of SBS-modified asphalt binders, CR-modified asphalt binders, and SBS/CR composite-modified asphalt binders with 1 wt% C9PR increased by 3.45%, 2.10%, and 6.53%, respectively, compared with those without C9PR. When the content of C9PR is 3%, S3C3, R15C3, and S3R15C3 are 5.90%, 10.01%, and 3.10% lower than S3, R15, and S3R15, respectively. The fatigue life of each modified asphalt binder increases first and then decreases with the increase in C9PR content, which is consistent with the influence of C9PR on the high-temperature performance of the modified asphalt binder.
It is worth noting that when the strain condition is 2.5% and the content of C9PR is 2%, Nf of S3C2 and R15C2 is 1.91% and 5.38% lower than that of S3 and R15, respectively, indicating that the effect of 2 wt% C9PR on the fatigue life of asphalt binder exceeded the effect of 3 wt% SBS or 15 wt% single-modifier CR on the performance of the asphalt binder. Nf of S3R15C2 increased by 2.95% compared with S3R15 and still maintained a slight enhancement effect, which indicated that the improvement effect of C9PR on the modified asphalt binder was related to the content and type of other modifiers.
Under the condition of 5% strain, the fatigue life of each binder sample is greatly reduced, and the relationship between the fatigue lives of each modified asphalt binder is highly consistent with the 2.5% strain level. In general, the addition of SBS, CR, and an appropriate amount of C9PR content is beneficial to improve the fatigue resistance of the asphalt binder, and this improvement effect is also prominent at a low strain level and high strain level.
4.9 Analysis of the 3D printing performance of composite-modified asphalt binders
The plunger extruder used in this study softens asphalt binders by simultaneously heating the plunger sleeve and nozzle, and the softened asphalt binders are extruded through the nozzle by the motor-driven plunger. Before formal printing, the plunger is set to push slowly until the filament is extruded at the nozzle. After removing the excess material wire at the nozzle, the relevant model parameters are entered in Simplify3D slicing software (Wu, 2023; Xue, 2023; Yang, 2023).
Previous laboratory research found that when the printing temperature suitable for a certain asphalt binder was not explored, the asphalt binder could not be successfully extruded no matter how the extrusion rate of the plunger and printing speed of the equipment were changed. Once the appropriate printing temperature was obtained through the test, changing the extrusion rate of the plunger and printing speed of equipment had little effect on asphalt binder formation. This shows that the influence of temperature on the 3D-printed asphalt binder is higher than the extrusion rate and printing speed. Therefore, in this study, a 0.8-mm diameter printhead was used to adjust the printing temperature and printing speed to conduct a trial printing study of the 3D printing of composite-modified bitumen with different C9PR doping levels to explore the appropriate printing temperature, as well as to evaluate the 3D printing moldability of composite-modified bitumen. Because only the composite-modified bitumen binder meets the requirements of the sealant specification, this vignette only 3D prints the composite-modified asphalt binder for the test.
4.9.1 Printing temperature
A relatively simple line segment model printing test was carried out on the composite-modified asphalt binder with different C9PR contents. The segment model and printed results are shown in Figures 10A, B. Figure 10B shows that S3R15 without C9PR failed to be successfully extruded at 80°C. At the same time, S3R15C1 and S3R15C2 were printed out of incoherent line segments at 80°C, which was because the asphalt binder was difficult to be extruded from the nozzle at this temperature. S3R15C3 can be printed most smoothly at 80°C, which may indicate that C9PR can broaden the lower limit of temperature for the 3D-printed modified asphalt binder.
[image: (A) Illustration of a segment model for 3D printing, showing the printing path and trajectory on a grey surface. A small inset explains the movement of the printing nozzle. (B) Series of images showing results of segment model printing with varying conditions, annotated with labels like 6Rkc, 5Rkc.C, and temperature settings, demonstrating different thickness and outcomes.]FIGURE 10 | Segment model and printing results of each modified asphalt binder under different temperature conditions. (A) Segment model for 3D printing. (B) Segment model printing results.
Furthermore, when the temperature increased to 90°C, segments printed by each modified asphalt binder are roughly in line with the designed model, and the thickness of line segments is relatively uniform. When temperature increases to 100°C and above, the S3R15 sample segment produces obvious thickening and unevenness, while the modified asphalt binder mixed with C9PR is less affected by temperature, which indicates that C9PR has a favorable effect on the printability of the 3D-printed asphalt binder.
4.9.2 Printing speed
Print speed and the 3D printing process are a matching process; if too fast or too slow, the model cannot be printed successfully. For asphalt binder material, under a constant extrusion rate, if the nozzle moves too fast, asphalt binder material near the nozzle that has not finished adhering to the bottom will be pulled by the nozzle movement, which will affect the degree of precision of the printed object size; if the nozzle moves too slowly, it may produce a material accumulation phenomenon, which easily builds up and blocks the nozzle. According to the experimental results in the previous subsection, we consider the shape stability of the asphalt binder material extrusion; fix the printing temperature at 90°C; and select printing speeds of 2 mm/s, 4 mm/s, and 6 mm/s, respectively, to study the influence of the printing speed, i.e., the nozzle movement speed, on the 3D printability of the composite-modified asphalt binders. At the same time, we consider the existence of a certain depth and shape of the cracks in the actual application process and use circular modeling to explore the impact of printing speed on the shape of the composite-modified asphalt binder printability.
The bottom diameter of the simple circle model constructed using Simplify3D software is set to 2 cm, and the height is set to 1 cm. The model and the printing results are shown in Figures 11A, B. Figure 11B shows that the asphalt binder ring printed at a printing speed of 6 mm/s has a middle and high level of the outer wall concaved inward. To summarize the phenomenon of printing, there is, in the middle and high level of the outer wall of the asphalt binder ring, an inward depression, which is precisely because the printing speed is too fast, resulting in the new printing of asphalt binder material that has not been completely docked and adhered to the bottom of the layer. The asphalt binder material is removed from the nozzle, pulling the asphalt filament to the center of the circle to the inner movement of the outer wall of the situation caused by the invagination. When the printing speed was 4 mm/s, the shape of the printed asphalt binder circle was consistent with the model setup. When the printing speed was 2 mm/s, the asphalt binder ring tended to couch, the height became less than 1 cm, and the lines become rounded. A slight fusion of the upper and lower layers of the situation occurs, which is because the nozzle moves too slowly. However, at high temperature, the nozzle slightly softened the bottom of the asphalt binder, resulting in the slight collapse of the bottom, so that the printed asphalt binder specimens failed to reach the established height.
[image: Image (A) shows a 3D model of a ring on a flat surface, alongside a detail of the moving trajectory for 3D printing. Image (B) displays a grid of twelve printed rings, labeled with speeds of six millimeters per second, eight millimeters per second, and twelve millimeters per second across four columns.]FIGURE 11 | Ring model and printing results of each modified asphalt binder under different temperatures. (A) Ring model for 3D printing. (B) Ring model printing results.
5 CONCLUSION
In this study, the impact of C9PR of 0 wt%, 1 wt%, 2 wt%, and 3 wt% on the rheological properties and 3D printability of modified asphalt binders was investigated. The key findings are as follows:
	(1) FTIR and FM test results indicated that the reaction between C9PR, SBS, CR, and BA is mainly a physical reaction. C9PR can promote the swelling of SBS and CR particles in the asphalt binder, promoting compatibility by dispersing the modifier into smaller particles through high-speed shearing.
	(2) S3R15C1 exhibited the best high-temperature rutting resistance, elastic performance, and low-temperature ductility, but an excessive amount of C9PR weakened the performance of the modified asphalt binder.
	(3) MSCR and LAS test results showed that S3R15C1 maintained excellent high-temperature rutting resistance and fatigue resistance after short-term and long-term aging. An appropriate amount of C9PR content promoted a more stable structure and improved the durability of the polymer-modified asphalt binder.
	(4) The addition of C9PR facilitates smoother extrusion and molding of the SBS/CR composite-modified asphalt binder, reduces the lower limit of 3D-printable temperature, and enhances the construction and ease of use. For composite-modified asphalt binders prepared in this paper, the recommended printing temperature is 90°C, and the recommended printing speed is 4 mm/s.

In conclusion, this study investigated the effects of different contents of C9PR on the properties of the modified asphalt binder and revealed the potential application of C9PR as an additive for the 3D-printed asphalt binder. However, the optimal content of each polymer modifier and C9PR still needs to be explored. The use of modified asphalt binders for crack filling by 3D printing still needs to be practiced in engineering.
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The performance of asphalt pavements is significantly influenced by the mix design and the binder film thickness (BFT) around aggregates. Adjusting the proportions of binders and aggregates modifies the properties of asphalt mixtures, with different mix designs substantially impacting these properties. This study evaluates the influence of two traditional mix designs (i.e., Marshall and Superpave Gyratory Compacted) and one innovative mix design (the one using BFT as a criterion) on asphalt pavement performance Two methods, which are modifications of the Hveem Surface Area Factor method, were used to calculate the optimum BFT. The mix with 3.5% asphalt content (AC) was selected for the innovative mix design as it showed the optimal BFT. For the Marshall and Superpave mix designs, the optimum binder content was determined using the respective Marshall and Superpave Gyratory Compacted methods, yielding values of 4.3% and 4.4%, respectively. Samples were prepared from each type of mix design and then tested using a Universal Testing Machine (UTM) and a Double Wheel Tracker (DWT). Performance tests showed that the innovative mix design samples had superior rutting resistance under DWT, the Marshall samples had the highest Resilient Modulus (Mr) and moisture resistance, and the Superpave samples exhibited the best fatigue resistance, enduring the most cycles until failure in the Indirect Tensile Fatigue Test (ITFT). These findings underscore the importance of considering BFT as a critical mix design criterion, demonstrating its significant potential to enhance the overall performance and durability of asphalt pavements.
Keywords: Marshall mix design, Superpave Gyratory Compacted mix design, binder film thickness, optimum binder content, asphalt content

1 INTRODUCTION
Modern infrastructure relies heavily on asphalt concrete for road construction due to its durability and adaptability. Asphalt concrete properties can be tailored by adjusting the proportions of bitumen, aggregate, and other components to meet specific performance requirements (Dhir et al., 2018; Dhir, Ghataora, and Lynn, 2017). While traditional methods like the Marshall Mix design and advanced approaches like Superpave have contributed significantly to asphalt pavement design, there remains a need to address performance challenges under high-traffic and adverse environmental conditions. Recent research points to Binder Film Thickness (BFT) as a promising factor to enhance durability and moisture resistance, addressing these challenges.
The Marshall Mix design, initially developed for optimizing stability and flow, has been widely used but demonstrates limitations under heavy traffic and high temperatures, where it struggles to maintain durability. Studies indicate that while modifications improve stability, flow, and Indirect Tensile Strength (ITS), Marshall Mix still underperforms under intense loads, underscoring a need for methods that incorporate field density and traffic impact considerations (Azzam, Al-Ghazawi, and Al-Otoom, 2016; Lv et al., 2018). As an evolution of these designs, Superpave introduced performance-graded binder specifications and gyratory compaction to improve rutting and fatigue resistance in high-traffic scenarios (Ghuzlan, Al-Mistarehi, and Al-Momani, 2020; Gu et al., 2017). Originating from the Strategic Highway Research Program (SHRP), Superpave emphasizes compaction levels (Ndesign) and BFT for durability, though challenges in meeting minimum voids in mineral aggregates (VMA) remain (Martinez Soto, 2018; Souza et al., 2024). Research has recommended refinements such as using average asphalt binder film thickness (ABFT) over VMA to enhance performance (Pérez-Jiménez et al., 2014; Harvey et al., 2015; Al-Khateeb and Aroon, 2019; Al-Khateeb, 2018). This shift from Marshall to Superpave reflects the need for adaptable design methods to meet modern infrastructure demands.
Sustainability has guided recent research toward environmentally friendly materials for asphalt applications, emphasizing the use of alternative materials and innovative techniques (Gu et al., 2023; Rudenko et al., 2024; Sun et al., 2024). Meanwhile, BFT has emerged as an essential parameter in enhancing the durability and moisture resistance of asphalt mixtures. Originally proposed by Francis Hveem, BFT has been recognized as a crucial factor in mix design. Researchers have correlated BFT with pavement durability, suggesting its inclusion in mixed design criteria (Remišová, 2015; Kandhal and Sanjoy, 1996; Elseifi et al., 2008; Jiang et al., 2022) and identified the optimal BFT for Hot Mix Asphalt (HMA) using SGC specimens, finding an optimum BFT of 9–10 µm to minimize moisture susceptibility, emphasizing its importance in HMA durability (Karim, Hussain, and Hafeez, 2021; Wang et al., 2024). Further research has quantified aging and durability across various BFTs, concluding that aging is more likely when BFT falls below 9–10 µm (Lin et al., 2023). Analytical imagery techniques have revealed that bitumen films surrounding larger aggregates in mastic asphalt can reach thicknesses above 100 µm (Cavalli, Partl, and Poulikakos, 2017). Additionally, air voids and binder content were shown to be significant, with an average BFT of 8 µm recommended for improved durability (Miranda et al., 2021; Lu et al., 2019; Zhang et al., 2024). The Shell Bitumen Handbook highlighted the role of BFT in asphalt hardening, suggesting a minimum thickness of 6–8 µm for satisfactory performance (Sims, 2016). In summary, BFT emerges as a crucial parameter in asphalt mixture durability, with researchers advocating for its inclusion in mix design criteria to enhance pavement longevity and moisture resistance.
Despite research supporting BFT’s role in durability, its application in mix design remains limited, particularly in performance-based specification systems. Departments of Transportation (DOTs) globally, including Pakistan, face challenges in adopting BFT criteria due to precise binder control requirements and a lack of standardized testing methodologies. Increased traffic volumes, environmental stressors, poor construction practices, and outdated mix designs contribute to premature pavement failures, primarily due to fatigue, rutting, and other distresses. Thus, a performance-based study is needed to evaluate various mixes designed with BFT, Marshall, and Superpave criteria under diverse loading and climate conditions. This study aims to validate BFT determination techniques and conduct a performance-based analysis comparing Marshall, Superpave, and BFT-based innovative mix design under various conditions, including rutting, resilience, fatigue, and moisture susceptibility. By examining BFT’s impact across these mix designs, this research addresses the need for comprehensive testing through both analytical and experimental approaches, contributing to the development of more durable, cost-effective asphalt mixtures suited for modern traffic and environmental demands.
2 EXPERIMENTAL PROGRAM/METHODOLOGY
The experimental program and methodology outline the material acquisition, sample preparation, and testing procedures, adhering to National Highway Authority (NHA) B gradation standards. Performance assessments were carried out utilizing the Double Wheel Tracker (DWT) and Universal Testing Machine (UTM). Virgin aggregates from the Margalla quarry and grade 60/70 bitumen from PARCO Islamabad were used. This study encompasses several critical steps to ensure comprehensive evaluation and accurate results. Initially, volumetrics and the Optimal Binder Content (OBC) were determined for the Marshall and Superpave mix designs. This involves assessing the specific gravity, air voids, voids in mineral aggregates, and other relevant volumetric properties essential for defining the mix characteristics. Following this, the BFT was calculated using established analytical methods. BFT determination is crucial as it is a criterion for one of the mixes prepared in this study. Finally, performance tests were conducted to evaluate the efficacy of the mixes prepared under Marshall, Superpave, and BFT criteria. These tests included ITS, moisture susceptibility, rutting resistance using the DWT, fatigue life assessment using the Indirect Tensile Fatigue Test (ITFT), and Resilience Modulus (Mr) tests using a UTM. Each step in this methodology is designed to assess the properties and performance of the asphalt mixtures rigorously. This provides a comprehensive understanding of the impact of different mix designs and BFT on asphalt pavement performance. Figure 1 illustrates the research workflow chart for evaluating the influence of BFT on asphalt pavement performance.
[image: Flowchart depicting four steps in a process. Step one: Materials and Gradation, including binder, aggregate, and gradation details. Step two: Methodology and Testing, focusing on volumetrics and performance tests. Step three: Analysis and Results, involving volumetrics and performance tests. Step four: Conclusion and Recommendation. Ends with a red circle labeled "End." Arrows connect each step.]FIGURE 1 | Flow chart for evaluating the influence of BFT on asphalt pavement performance.
2.1 Materials
In this study, fine and coarse aggregates were sourced from the Margalla quarry, while penetration grade 60/70 bitumen was obtained from PARCO Islamabad. Grade 60/70 was chosen due to its everyday use in Pakistan and suitability for colder to intermediate temperature regions. Aggregates primarily resist permanent deformation in the mix, with the asphalt binder contributing for the remaining 5%. Aggregates’ gradation and surface texture significantly impact hot mix asphalt’s properties and volumetrics, with rough-textured aggregates offering greater shear strength than smooth-surfaced ones. All necessary tests on the acquired aggregates and bitumen were conducted per standards and specifications.
2.2 Material testing
2.2.1 Aggregate testing
According to NHA specifications (1998), the aggregate selected for this research study adhered to NHA class B gradation, specifically designed for the wearing course. The Nominal Maximum Aggregate Size (NMAS) for NHA-B is 19mm, as per the Marshal Mix Design (MS2) (Asphalt Institute MS-2 1993). The specific gradation chosen for this research is outlined in Figure 2.
[image: Line graph illustrating sieve analysis with sieve size in millimeters on the x-axis and percentage passing on the y-axis. The blue line represents percentage passing, while the gray area shows the limit range.]FIGURE 2 | NHA Class-B Gradation selected for Testing.
Several tests were performed to ensure the suitability of the aggregates for asphalt mix design, with each test conducted on three specimens and the average values used for analysis. Specific gravity tests for coarse and fine aggregates were performed according to ASTM C 127 and ASTM C 128, respectively (ASTM C 127-08 2008; ASTM C128/C128M 2001). Water absorption rates for both coarse and fine aggregates were also determined using these standards. The Los Angeles Abrasion test (ASTM C 131) was performed to evaluate the hardness and wear resistance of the aggregates (Monyakeng, 2022). The Shape Test (ASTM D 4791) assessed the quantity of elongated and flat particles (ASTM D4791-10 2010). The Impact Value Test was also performed following BS 812 to measure the aggregates’ resistance to breaking (BS 812-112 1990). At the same time, the crushing Value Test was conducted to evaluate the aggregate strength under compressive loads (BS 812-110 1990). The results obtained from these tests are shown in Table 1.
TABLE 1 | Properties of aggregates.
[image: A table lists test descriptions for aggregates with corresponding specification references, results, and limits. Tests include coarse and fine aggregate specific gravity, water absorption, Los Angeles abrasion, elongation index, flakiness index, and impact value. Specification references are ASTM C 127, C 128, and D 4791. Results and limits vary, such as a coarse aggregate specific gravity result of 2.632 with a limit of 2.5 to 3, and a Los Angeles abrasion result of 22 with a limit of less than or equal to 45.]2.2.2 Asphalt binder testing
The binder’s consistency, safety, and purity are crucial for construction and engineering applications. Since bituminous binder consistency varies with temperature, standard temperature testing is essential. To assess the performance and suitability of the asphalt binder (PARCO 60/70) for HMA mixtures, several tests were conducted; i.e., ductility, measured according to ASTM D 113-99 (ASTM D 113-99 2000), indicates the bitumen’s elongation without breaking when pulled at a specified velocity at 25°C, with all specimens exceeding the 100 cm minimum criterion. The Rotational Viscosity (RV) test, conducted at 135°C and 160°C using the Brookfield RV apparatus, determines asphalt binder viscosity, following AASHTO T-316 (AASHTO T316 2019) and ASTM D4402 (ASTM D4402 2016). Heated bitumen is stirred, avoiding air bubbles, and poured into the sample chamber. The spindle rotates at 20 RPM, and three viscosity readings are averaged. The penetration test, conducted according to AASHTO T 49–03 standards (AASHTO T 49-15 2012), assesses the consistency of asphaltic materials, with softer binders exhibiting higher penetration values. This test is performed at 25°C with a 100-g load applied for 5 s. Five penetration values were recorded for each of the two Parco 60/70 specimens; all values met the required standards, confirming their appropriate consistency. According to ASTM D36-06 (ASTM D36-06 2008), the softening point is the temperature at which bitumen cannot support a 3.5 gm steel ball. The test performed for it involves heating bitumen disks until the steel balls drop one inch, using the standard ring and ball setup. Similarly, the flash and fire point test, conducted according to ASTM D3143/D3143M-13 standards (ASTM D3143/D3143M − 13 2013), assesses bitumen’s suitability for mix preparation, ensuring safety and compliance with specifications. Table 2 provides a summary of the test outcomes.
TABLE 2 | Physical properties of parco 60/70 binder.
[image: Table showing various tests with their specification references and results. Tests include Penetration Test at 25 degrees Celsius (AASHTO T 49-03) with a result of 64, Flash Point (ASTM D 3143/D 3143M-13) with 268, Fire Point (ASTM D 3143/D 3143M-13) with 293, Specific Gravity (ASTM D 70) with 1.03, Softening Point (ASTM D 36-06) with 48.2, Viscosity Test (ASTM D 4402) with 0.2625, and Ductility Test (ASTM D 113-99) with 104.]2.3 Asphalt mixtures preparation
Laboratory samples were meticulously prepared for Marshall, SGC, and BFT methods. For both the Marshall Mix Design and the Superpave Gyratory Mix Design, five different bitumen content levels were tested: 3.5%, 4%, 4.5%, 5%, and 5.5%, with three samples prepared for each bitumen content level, totaling 15 samples per mix design. Subsequently, these samples underwent comprehensive testing and scrutiny to assess various volumetric properties and stability characteristics.
2.3.1 Preparation of bituminous mixes for marshall mix design
Bituminous mixes for the Marshall Mix Design were prepared using the Marshall Apparatus. Volumetric characteristics, including stability and flow, were determined to verify the criteria and establish the OBC. Aggregates were dried at 110°C after sieve analysis. For consistency, 1,200 g of aggregates were measured for each sample, following ASTM D6926 (ASTM D 6926 2014). The required asphalt cement for each sample was calculated as a percentage of the total mix weight from a predefined Equations 1, 2 (Roberts et al., 1996).
[image: Equation showing the total mass \(M_T\) as the sum of \(M_{Ase}\) and \(M_{Bin}\).]
[image: It seems there is no image uploaded. Please upload the image or provide a URL, and optionally include a caption for additional context.]
Where MT stands for the total mass of the mix in kilograms (kg), MAgg represents the aggregate’s mass in kilograms (kg), MBin denotes the binder’s mass in kilograms (kg), and %X indicates the binder’s percentage. Following ASTM D6926 guidelines (ASTM D 6926 2014), a mechanical mixer thoroughly combined heated aggregates (160°C–165°C as per NHA specifications) and bitumen binder. The mix was then compacted with a Marshall Compactor, evenly distributed in the mold with a spatula, and filter paper applied to both ends. Each sample side received seventy-five (75) compaction blows to meet heavy traffic criteria. After compaction, specimens cooled before being ejected with an extraction jack and cooled to room temperature as shown in Figure 3.
[image: Several cylindrical briquettes made from processed agricultural or organic waste are arranged on a flat surface. The briquettes have a uniform dark appearance and are stacked closely together.]FIGURE 3 | Bituminous samples prepared using the marshall mix design method.
2.3.2 Preparation of bituminous mixes for Superpave mix design
Achieving the required gradation is essential for the Superpave mix design. Following the Asphalt Institute’s Mix Design Method for Superpave (SP-2) guidelines (Asphalt Institute MS-2 1993), aggregates were oven-dried at 105°C–110°C. A 19 mm NMAS was selected, using 4,500 g of aggregates for the 6-inch gyratory compacted specimen. The heated dry aggregates (Figure 4A) and bitumen (Figure 4B) were mixed using a mechanical mixer (Figure 5) at 160°C–165°C for 10–15 min.
[image: Image A shows a laboratory oven with trays covered in dark residue, indicating contamination or residue buildup. Image B shows a similar oven with the door open, revealing burnt residue on the interior and damage on the exterior, suggesting a malfunction or overheating.]FIGURE 4 | Pre-heating of (A) aggregate in oven, (B) bitumen in oven.
[image: Industrial dough mixer with a grey and blue control panel and large bowl attachment, designed for heavy-duty commercial kitchen use.]FIGURE 5 | Mechanical mixer.
According to SP-2 guidelines (Asphalt Institute MS-2 1993), specimens were compacted using the Superpave Gyratory Compactor (SGC) (Figure 6) at 135°C. The mold, preheated to 100°C for 30 min, had a 150 mm inner diameter and a base plate to ensure proper compaction. The SGC operated at a constant 30 rpm, with the mold at a 1.25-degree angle and 600 kPa pressure applied. The compaction process was carried out to meet heavy traffic design criteria until the desired compaction was achieved. After compaction, specimens were extracted from the mold for further testing as shown in Figure 7.
[image: Computer workstation with a monitor displaying text, alongside a large, yellow industrial machine labeled "Sefar UFCAM." A small, yellow device with wheels is in the foreground.]FIGURE 6 | Superpave gyratory compactor.
[image: Cylindrical samples of compacted soil or asphalt are arranged in rows on a surface, likely used for testing material properties.]FIGURE 7 | Bituminous samples prepared using superpave (grey) and marshall (black) mix design methods.
2.4 Determination of VFA (voids filled with asphalt), VMA, and OBC
Determining VFA, VMA, and OBC is crucial for Marshall and Superpave Mix Designs.
2.4.1 VFA, VMA, and OBC for Marshall mix design
For Marshall Mix Design, VMA, VFA, air voids (Va), and unit weight were calculated using Mix Theoretical Maximum Specific Gravity (Gmm) and Mix Bulk Specific Gravity (Gmb), determined according to ASTM D2041 (ASTM D2041 2018) and ASTM D2726 (ASTM D2726 2013), respectively. The mix characteristics are shown in Figure 2. After obtaining these values, specimens were conditioned in a water bath at 60°C for an hour and tested for stability and flow using Marshall testing equipment (Figure 8). A load was applied at a 5 mm/min deformation rate until failure. The maximum load (kN) was recorded as Marshall Stability, and the deformation at maximum load (mm) was noted as the flow number. Stability must be at least 8.006 kN for heavily trafficked-wearing courses, and the flow number should be between 2 and 3.5. The specimens were tested immediately after removal from the water bath. Following the Marshall mix design method guidelines, the OBC will be determined at 4% Va. This approach ensures durability and stability, as 4% air voids are optimal. Lower air voids may result in rutting and bleeding, while higher air voids can increase permeability and oxidation. This practice is recommended by the Asphalt Institute and various transportation agencies, as detailed in the Asphalt Institute’s Manual Series No. 2 (MS-2) (Asphalt Institute MS-2 1993), which specifies that the air voids should be approximately 4%.
[image: Three lab equipment images are shown. A: A large pressure vessel with gauges and pipes. B: A metal frame holding a black container under a white platform. C: A testing machine with a blue pump and a screen.]FIGURE 8 | Marshall Testing Equipment (A, B) Gmm, Gmb, determination apparatus (C) Stability and flow apparatus.
2.4.2 VFA, VMA, and OBC for super pave mix design
Samples for both 19mm and 25 mm gradations were prepared following the Superpave mix design manual (SP-2) to determine the optimal asphalt content (Asphalt Institute MS-2 1993). Binder content ranged from 3% to 4.5% in 0.5% increments. Two samples were prepared for each gradation for each binder content, resulting in eight samples for the 19 mm gradation and eight for the 25 mm gradation. Volumetric parameters, including theoretical maximum specific gravity (Gmm), effective specific gravity (Gse), bulk specific gravity (Gmb), and %Gmm of the prepared specimens, were measured and verified according to Superpave mix design criteria. Due to its weight, testing the entire Superpave sample was impractical, so 2000 g were used to determine the volumetrics. The same apparatus used for the Marshall test was employed. For a 19.0 NMAS, the minimum VMA is 13%; in this case, it was 15.71%. The VFA should be between 65% and 75%, calculated at 71.64%, meeting the criteria. The dust-to-binder ratio should be between 0.8 and 1.6; in this instance, it was 1.54. The OBC was then determined at the binder percentage, which achieved 96% Gmm. Based on the results, 19 mm NMAS was chosen as it effectively met all the Superpave mix design criteria.
2.5 Determination of BFT
Different researchers employed various equations to determine the BDT, many of which are modifications of the Hveem Surface Area Factor method. The following outlined methods were used for deciding BFT in this study.
2.5.1 The Shell Bitumen Handbook method
The Shell Bitumen Handbook uses the Hveem Surface Area Factor method to estimate the BFT (Sims, 2016). This method estimates the aggregate surface area by coating it with oil and measuring the required amount, accounting for absorbed asphalt. Alternatively, the Hveem (ASTM 1992) surface area factor can be used, assuming a spherical shape and a specific gravity of 2.65. Surface area factors are presented in Table 3:
TABLE 3 | Surface area factors for different sizes of aggregates.
[image: Table listing sieve sizes in millimeters and inches, along with their corresponding surface area factors in square meters per kilogram. Sizes range from 19 mm (three-fourths inch) to 0.075 mm (#200), with surface area factors from 0.41 to 32.77.]To calculate the aggregate surface area, multiply the mass percentage passing each sieve by the corresponding surface area factor and sum the results. The BFT is then calculated using the following Equation 3:
[image: Equation for BFT: BFT equals the fraction b percent over 100 minus b percent, multiplied by the fraction one over rho sub b, multiplied by the fraction one over the sum of SA sub f, equation number three.]
Where [image: I'm unable to see the image directly. Please upload the image or provide a URL, and I'll help create the alternate text for you.] is the binder density (kg/m³), [image: Mathematical expression showing "sA subscript f" in an italic serif font.] is the surface area factor (m2/kg), and b% is the binder content (%). To obtain BFT in meters, all units must be in SI, which can then be converted to micrometers (µm).
2.5.2 The Hveem method in Zaniewski, Reyes, et al
Zaniewski, Reyes, et al. recommend Equation 4 for determining BFT (Sukkari et al., 2022):
[image: Formula for BFT equals open bracket W sub b divided by the sum of SA sub f multiplied by 1000 close bracket times G sub b, labeled as equation 4.]
BFT is the average thickness of the binder film, measured in micrometers (µm). The term Wb represents the ratio of binder weight to aggregate weight, Gb is the specific gravity of the binder, and SAfdenotes, the surface area factor of the aggregate, measured in square meters per kilogram (m2/kg). This formula is advantageous due to its simplicity and the inclusion of binder percentage by the weight of the entire mix.
2.6 Performance comparison among mixes based on BFT, Marshall mix design, and SGC mix design
After determining the optimum criteria for all three mixes—Marshall, Superpave, and BFT—the mixes were subjected to a series of tests. Rutting was evaluated using the DWT. At the same time, the UTM was employed to assess the Mr, ITFT, ITS, and moisture susceptibility.
2.6.1 Performance comparison test using DWT
Performance tests for Marshall, Superpave, and BFT-designed mixes were conducted using the DWT to assess rutting. Samples, aged for 48 h, were prepared and cut to specified dimensions. As shown in Figure 9, the DWT operated at 25 cycles per minute for 5,000 cycles at room temperature. Despite initial weight differences, samples were uniformly cut for consistent testing.
[image: A CNC machine with yellow safety housing and transparent front panel, displaying its inner components. A person is operating it using a laptop connected to the machine.]FIGURE 9 | Double wheel tracker.
2.6.2 Performance comparison tests using UTM
The Mr test was performed using the ASTM D7369-11 standard (ASTM D7369-11, 1860). It involves applying compressive loads in a haversine waveform to cylindrical specimens to record vertical and horizontal deformations. Resilient Poisson’s ratio is calculated from these deformations, and two Mr values, instantaneous and total, are obtained based on recoverable deformations.
The ITS and Moisture Susceptibility tests were conducted using UTM, following ASTM D 6931-07 specifications (ASTM D6931-07 2022). Three unconditioned specimens per mix were tested, while another set of three conditioned specimens per mix underwent saturation and exposure to elevated temperatures before testing. Conditioning was performed according to ALDOT-361 standards, involving saturation followed by immersion in a 60°C ± 1°C water bath for 24 h and subsequent immersion in a water bath at 25°C ± 1°C for 50 h as shown in Figure 10A (ALDOT-361-88 2005). Both unconditioned and conditioned specimens were loaded on their diametric plane at a 50 mm/min rate as shown in Figure 10B.
[image: Panel A shows a white laboratory ultrasonic cleaner used for cleaning items using ultrasound and a cleaning solution. Panel B depicts a close-up view of machinery inside a commercial laundry washing machine, featuring rotating metal components and a mounted mechanism.]FIGURE 10 | Sample placed in (A) Water bath (B) UTM machine.
The tensile strength of each specimen was calculated based on its dimensions and failure load. The tensile strength ratio (TSR) was then determined by dividing the average tensile strength of conditioned specimens by the average tensile strength of unconditioned specimens, with an acceptable TSR value set at 80%. The resistance to moisture damage is then expressed as a ratio of the conditioned sample’s tensile strength retained after the conditioning to the unconditional tensile strength. Tensile strength (St) was calculated using Equation 5:
[image: The formula \(S_t = \frac{2000P}{\pi Dt}\) is displayed, where \(S_t\) represents shear stress, \(P\) is a force, \(D\) is diameter, and \(t\) is thickness, with equation number 5 on the right.]
where St represents the tensile strength in kilopascals (KPa), P is the maximum load in newtons (N), t denotes the sample thickness in millimeters (mm), and D is the sample diameter in millimeters (mm).
The ITFT was conducted according to ASTM D7460–08 to assess fatigue cracking in asphalt pavements and primary distress caused by tensile and shear stresses from traffic loads (ASTM D7460-08 2010). Fatigue performance models, both empirical and mechanics-based, have been developed to characterize the behavior of HMA mixtures. The ITFT is conducted on cylindrical samples to characterize virgin and modified mixes under repeated vertical compression loads. This loading generates uniform tensile stress in the horizontal direction, perpendicular to the load. Figure 11 indicates failure by the sample splitting along the vertical plane. Vertical deformations calculate tensile stresses and strain at the specimen’s center, assuming a Poisson’s ratio. The number of cycles to failure determines the fatigue life.
[image: Two cylindrical concrete samples labeled A and B, each showing a rough texture with visible aggregate pieces of varying sizes. Both samples have a visible crack marked in blue pen on their surfaces.]FIGURE 11 | Damaged sample after (A) moisture testing (B) ITFT.
3 RESULTS AND DISCUSSION
This section presents a detailed analysis of the results, beginning with volumetric calculations and the determination of the OBC. Subsequently, it discusses the findings from various performance tests, including ITS and Moisture Susceptibility, rutting resistance using the DWT, and fatigue life assessment using the ITFT. Each test result is evaluated against relevant criteria to comprehensively understand the material’s performance.
3.1 Volumetric analysis and OBC
The Volumetric Analysis included determining the VFA and VMA for Marshall Mix and Superpave mix Designs. Based on the calculated VMA and VFA, the OBC and BFT were determined for Marshall and Superpave mixes. The volumetric properties, stability, and flow of the Marshall mix are presented in Table 4.
TABLE 4 | Volumetric properties, stability, and flow correspond to the Marshall Mixes.
[image: A table displaying various asphalt mix properties based on different AC% values ranging from 3.5 to 5.5. Columns include G_mb, G_mm, Unit Weight (mg/cm³), Va, VMA, VFA, Stability (KN), and Flow (mm). Data shows trends with changes in AC%, such as Stability decreasing and Va, VMA, and VFA generally increasing.]To determine the Marshall mix’s OBC, graphs were plotted in Figure 12 between asphalt content and volumetric properties, stability, and flow, as specified in the MS-2 manual (Asphalt Institute MS-2 1993).
[image: Five graphs showing relationships between asphalt content and various parameters. Graph A (blue) shows air voids decreasing with increased asphalt content. Graph B (green) illustrates VMA peaking near 4.25% asphalt. Graph C (dark orange) displays VFA rising with more asphalt. Graph D (purple) shows stability peaking around 4.25% asphalt. Graph E (orange) depicts flow increasing with higher asphalt content. Red dashed lines and annotations highlight the optimum asphalt content at 4.32%.]FIGURE 12 | Relationship between (A) AC vs. Va (B) AC vs. VMA (C) AC vs. VFA (D) AC vs. Stability (E) AC vs. Flow.
The Marshall mix design results showed that the OBC was determined to be 4.30% at 4% air voids as shown in Figure 12A. This aligns with the typical practice of using 4% air voids to balance durability and stability in asphalt pavements. The VMA was calculated to be 13.23%, which exceeds the minimum requirement of 13%, indicating a sufficient void space within the aggregate structure to accommodate the asphalt binder. The VFA of 69% falls within the recommended range of 65%–75%, ensuring an adequate binder film around the aggregate particles, which is essential for long-term durability and resistance to moisture damage.
The stability and flow values at the OBC were also within acceptable ranges, with a stability of 12.5 kN (well above the minimum requirement of 8.006 kN) and a flow number of 2.7 mm (within the range of 2–3.5 mm). These results suggest that when properly optimized, the Marshall mix design method can produce asphalt mixtures that meet the required performance criteria for stability and durability.
For the Superpave mix design, the volumetric properties such as VMA and VFA were also within acceptable limits., as shown in Table 5. Figure 13 illustrates the relationship between the number of gyrations and the average %Gmm for various binder contents in the Superpave mix design. The vertical lines at N_ini = 8 and N_des = 125 represent the initial and design gyrations, respectively. The target %Gmm for optimal performance was 96% at 125 gyrations, consistent with the Superpave mix design criteria. The binder content that achieved this target was determined to be 4.4%, slightly higher than the Marshall mix design’s OBC. This slight increase in binder content can be attributed to the more rigorous compaction process used in the Superpave method, which aims to simulate the long-term densification of the asphalt pavement under traffic loads.
TABLE 5 | Volumetric properties for superpave mixes.
[image: Table displaying data across six columns: AC%, Gmb, Gmm, Va, VMA, and VFA. Each row shows corresponding measurements for each percentage of AC%: 3.5, 4, 4.5, 5, and 5.5. Values gradually change across parameters, highlighting trends and differences in the measurements.][image: Line graph titled "Optimum Binder Content" showing the relationship between the number of gyrations and air percentage gain for different binder contents ranging from 3.5% to 5.5%. The curves increase with gyrations, with distinct colors representing each binder percentage. The graph highlights significant points at 8 and 125 gyrations.]FIGURE 13 | OBC determination for Superpave mix design.
The findings indicate that both mix design methods can produce high-quality asphalt mixtures. Still, the Superpave method provides a more comprehensive approach to optimizing the mix for long-term performance. Using gyrations to simulate compaction and the detailed analysis of volumetric properties ensure that the Superpave mix design can produce mixtures with improved resistance to rutting and fatigue cracking.
3.2 Determination of BFT
This study determined the BFT using the Hveem surface area factor method, as detailed in the Shell Bitumen Handbook. The results, presented in Table 6 BFT for different, were calculated based on particle size distribution and specific surface area factors for each aggregate size, demonstrating the method’s practical application in accurately determining the BFT for the asphalt mixtures analyzed. The binder content varies between 3.5% and 5%, and the BFT increases with higher binder content.
TABLE 6 | BFT for different AC using the Hveem surface area factor method.
[image: Table presenting data on particle size distribution and related parameters for various sizes ranging from 19 mm to 0.075 mm. Columns include particle size, specific surface area factor (SAf), percentage passing, percentage passing multiplied by SAf, percentage binder content, specific gravity (Gb), density (ρb), and binder film thickness (BFT). Notable values include a sum of SAf as 3.4526 square meters per kilogram and BFT values from 10.22878 to 14.84327 micrometers.]Similarly, BFT was also determined using the Hveem Method described by Zaniewski, Reyes, et al., which includes a formula for calculating BFT that uses the ratio of binder weight to aggregate weight, the surface area factor, and the specific gravity of the binder. The BFT values obtained using this method are presented in Table 7.
TABLE 7 | BFT for different AC using the Hveem method described by Zaniewski, Reyes et al.
[image: Table showing the relationship between binder percentage and binder film thickness (BFT). Columns include % binder, weight of aggregate (Kg), weight of binder (Kg), and BFT (µm). Binder percentages range from 3.5% to 5%, with corresponding changes in weights and BFT values from 12.493 µm to 17.847 µm.]Both methods indicate that BFT increases with higher binder content, which aligns with expectations as more binder provides a thicker film around aggregates. However, the methods produce slightly different BFT values due to variations in calculation approaches:
Figure 14 shows a radar chart illustrating BFT across different binder content percentages obtained from both methods as explained earlier, and it also includes Marshall and Superpave OBC. This graph effectively demonstrates the importance of selecting an appropriate binder content to achieve optimal BFT. Higher binder content results in thicker binder films in both methods. This relationship is crucial for ensuring adequate binder coverage, impacting the durability and performance of asphalt mixtures. The Hveem surface area factor method provides a detailed calculation based on specific aggregate sizes and their surface area factors. In contrast, the Zaniewski, Reyes et al. method uses a simplified approach based on the binder to aggregate weight ratio, which may lead to slightly higher BFT values. The comparison of the two methods highlights the significance of accurate BFT determination in asphalt pavement performance. Including BFT as a design criterion is essential for preventing moisture damage and enhancing the long-term durability of asphalt pavements. The study’s results support the literature, emphasizing the importance of BFT in maintaining structural integrity under traffic loads (AASHTO, 2004).
[image: Radar chart displaying binder film thickness (BFT) versus binder content. It compares two methods: BFT Method 1 and BFT Method 2, represented by a teal and red line, respectively. Data points are labeled for Marshall OBC at 4.5% and Superpave OBC at 4.4%, indicated by orange and red dots. The axes spread from 2.5 to 5.5.]FIGURE 14 | Radar chart illustrating BFT across different binder content percentages using two methods, including marshall and superpave OBC.
3.3 Performance comparison test using DWT
The selection of the BFT criterion is essential for enhancing the durability and performance of asphalt mixtures, particularly under heavy traffic and adverse environmental conditions. BFT directly influences the binder distribution around aggregates, which is critical in reducing the risk of rutting, fatigue, and moisture damage, thereby potentially extending the pavement’s service life as per previous studies. By calculating BFT values through two independent methods, a binder content of 3.5% was determined as optimal for achieving reduced BFT values. Consequently, three mix designs were prepared: a BFT-based design with 3.5% AC, a Marshall mix design with 4.3% OBC, and a Superpave mix design with 4.4% OBC.
The DWT test, set at 5,000 cycles or 10,000 wheel passes, was used to assess rutting resistance across the three mix designs. The BFT-based mix demonstrated superior rutting resistance, with a lower rut depth progression than both the Superpave and Marshall designs, as illustrated in Figure 15A. This improved performance suggests that the optimized BFT criterion at 3.5% binder content enhances the mix’s ability to withstand high loads without significant deformation. The smaller BFT achieved at this binder content results in a more compact and stable mix structure, which distributes stress more evenly and minimizes rutting under repeated wheel loads.
[image: Two line graphs labeled A and B display data on rate of depth versus cycles. Graph A shows two lines, blue and red, with the blue line fluctuating above the red line, both increasing over approximately 4600 cycles. Graph B shows a single purple line steadily increasing across the same number of cycles. Both graphs illustrate upward trends in rate of depth as cycles increase.]FIGURE 15 | Rut Depth Progression for (A) BFT vs. Superpave Mix Design, (B) Marshall Mix Design.
In contrast, while effective in stability and ease of implementation, the Marshall mix design showed the highest rut depth, reaching an average of 3.645 mm, as depicted in Figure 15B. This value indicates that the Marshall design is more susceptible to rutting, making it less suitable for high-stress conditions or heavy-traffic pavements. The Marshall design’s performance aligns with its historical usage, where it has been effective in moderate traffic but may not offer the durability required for modern high-load applications.
3.4 Performance comparison test using UTM
A comprehensive performance comparison of the three asphalt mix designs, i.e., BFT, Marshall, and Superpave was carried out through several key mechanical tests. Each test provided insights into the distinct properties and advantages of the mix designs, including Resilience Modulus (Mr) to assess stiffness and load-bearing capacity, Indirect Tensile Strength (ITS) and Moisture Susceptibility to evaluate durability and resistance to moisture-induced damage, and Indirect Tensile Fatigue Test (ITFT) to determine fatigue life under repeated loading.
3.4.1 Resilience modulus test
The Mr is a critical parameter for evaluating the stiffness of asphalt mixtures and their capacity to recover after loading, directly affecting the pavement’s ability to withstand repeated traffic loads. High Mr values indicate that a mix design can endure traffic stresses with minimal deformation, essential for maintaining pavement structure and longevity. The UTM was used to determine Mr for the BFT, Marshall, and Superpave mix designs, revealing distinctive performance characteristics that highlight the strengths and weaknesses of each approach.
Figure 16 illustrates the relationship between the OBC and the mean Mr for the three mix designs. In this graph, blue bars represent the OBC for each design, while the red line indicates mean Mr values. The Superpave mix design demonstrated the highest Mr value at 3,482 MPa, highlighting its suitability for heavy traffic loads and extreme conditions, where durability and resistance to deformation are essential. However, Superpave’s required OBC of 4.4% may raise material costs, potentially impacting cost-effectiveness in budget-limited projects. Despite this, its high stiffness makes it an excellent choice when structural integrity is the priority.
[image: Bar and line chart titled "Resilience Modulus of Different Mix Design" shows three sample types: BFT, Marshall, and Superpave. Blue bars represent optimum binder content percentages, and a red line indicates the mean resilience modulus in megapascals. The values range from 3443 to 3482 for resilience modulus and roughly 4% for binder content.]FIGURE 16 | Comparison of Mr and OBC for BFT, marshall, and superpave mix designs.
In contrast, the Marshall mix design exhibited the lowest Mr at 3,443 MPa, even with a relatively high OBC of 4.3%. This more traditional mix design is well-suited to moderate traffic conditions, where stability rather than extreme load resistance is prioritized. Its ease of implementation and familiarity among engineers can make it an economical choice for less demanding environments, though its lower stiffness may lead to quicker deformation under heavy loads.
The BFT-based mix design, with a 3.5% binder content, achieved an Mr of 3,460 MPa, offering a balance between stiffness and flexibility. While slightly lower in stiffness than Superpave, the BFT mix’s optimized binder distribution allows it to withstand load stresses efficiently, reducing the risk of cracking and deformation. This balance makes the BFT-based design a sustainable, cost-effective alternative for high-traffic applications, where comparable performance with reduced binder content is desired.
3.4.2 Indirect tensile strength and moisture susceptibility tests
The ITS and Moisture Susceptibility tests are essential for evaluating the durability and resistance of asphalt mixtures to moisture-induced damage, which is a critical factor in determining pavement longevity. These tests assess the TSR, a measure of a mixture’s ability to retain tensile strength after moisture conditioning. Figure 17 provides a comparison of TSR values for the BFT, Marshall, and Superpave mix designs, along with their respective OBC.
[image: Bar chart comparing three sample types—BFT, Marshall, and Superpave—by optimum binder content and mean tensile strength ratio. BFT and Marshall have values of 83.1% and 83.3%, respectively, while Superpave has the highest at 90.1%. The chart uses a green color for binder content and red for tensile strength ratio.]FIGURE 17 | Comparison of mean tensile strength ratio and OBC for BFT, marshall, and superpave mix designs.
The test results show that all three mix designs exhibit good moisture resistance, with varying levels of performance. The Superpave mix design achieved the highest TSR at 90.1%, which reflects excellent resistance to moisture-induced damage. This high TSR indicates that the Superpave mix retains a significant portion of its tensile strength after conditioning, making it highly suitable for regions with high moisture levels or frequent freeze-thaw cycles. However, this performance is achieved with an OBC of 4.4%, leading to increased binder use, which may raise costs.
In comparison, the Marshall mix design achieved a TSR of 83.3% with an OBC of 4.3%. While this design demonstrates sufficient resistance to moisture, its lower TSR relative to Superpave indicates slightly reduced performance in moisture-prone environments. The Marshall mix remains suitable for moderate moisture conditions but may not offer the same durability under extreme environmental stress.
The BFT-based mix design, with a 3.5% binder content, achieved a TSR of 83.1%. This TSR indicates that the BFT mix retains 83.1% of its tensile strength after moisture conditioning, which is comparable to the Marshall mix despite the lower binder content. The BFT mix’s ability to maintain strength with reduced binder content reflects a balanced approach to durability and cost-effectiveness, making it a practical choice for areas that require moderate moisture resistance without incurring high binder costs. The optimized binder distribution in the BFT design ensures that the mix retains its integrity and strength even under wet conditions, supporting its long-term performance.
3.4.3 Indirect tensile fatigue test
The ITFT assesses the fatigue life of asphalt mixtures by applying repeated loading cycles until the material fails. Fatigue resistance is crucial for pavements subjected to heavy traffic, as it determines the material’s ability to withstand cycles of stress without cracking. Figure 18 illustrates the mean cycles to failure for the BFT, Marshall, and Superpave mix designs, providing insights into their respective fatigue performance.
[image: Bar chart comparing different mix designs: BFT, Marshall, and Superpave. The y-axis on the left shows optimum binder content percentages, while the y-axis on the right shows mean cycles to failure. BFT has 3.3% binder content and 3297 cycles, Marshall has 4% binder content and 3129 cycles, Superpave has 4.7% binder content and 4128 cycles.]FIGURE 18 | Comparison of mean cycles to failure and OBC for BFT, marshall, and superpave mix designs.
The ITFT results indicate that all three designs exhibit good fatigue resistance, with varying levels of performance. The Superpave mix design achieved the highest fatigue resistance, enduring 4,128 cycles to failure, indicating its suitability for high-stress applications and heavy traffic environments. This high cycle count demonstrates the Superpave mix’s ability to resist cracking under repeated loading, which is particularly beneficial in regions with extreme traffic loads or environmental conditions.
In comparison, the Marshall mix design exhibited the lowest fatigue resistance, with an average of 3,129 cycles to failure. While this level of fatigue resistance may be adequate for moderate traffic conditions, the Marshall design’s lower cycle count suggests it may be more susceptible to cracking and fatigue-related failure under heavy or frequent loading conditions. Consequently, the Marshall mix may be better suited for applications with lower traffic demands.
The BFT-based mix design, with an OBC of 3.5%, demonstrated a fatigue life of 3,297 cycles to failure. Although slightly lower than Superpave, this level of fatigue resistance indicates that the BFT-based design can effectively endure repeated loading cycles, making it a robust choice for high-traffic applications. The BFT mix’s optimized binder content and balanced design allow it to withstand cyclic stress efficiently, reducing the risk of early fatigue failure. By achieving competitive fatigue resistance with a lower binder content, the BFT-based design supports cost-effective and durable pavement solutions.
The findings underscore the need for DOTs to adopt performance-based specifications, integrating BFT and advanced mix design methods to address the challenges posed by increased traffic and adverse conditions. The selection of BFT as a criterion in mix design is justified by its ability to improve rutting resistance, ensure balanced binder distribution, enhance durability, and provide comprehensive performance benefits. The results from the performance tests substantiate that BFT-based mix designs offer superior resilience and longevity, making it a critical parameter for optimizing asphalt pavement performance. This approach aligns with the need for high-performance pavements and supports sustainable and cost-effective construction practices.
3.5 Comparative analysis and limitations
The BFT-based mix design demonstrates several strategic advantages over both Superpave and Marshall designs across key performance metrics, offering a balanced approach that combines cost-efficiency with effective performance in stiffness, moisture resistance, and fatigue life.
In terms of Mr, the BFT mix achieves near-equivalent stiffness to Superpave but at a lower binder content (3.5% compared to Superpave’s 4.4%), making it a more economical option. The balanced stiffness and flexibility of the BFT mix help reduce the risk of cracking and deformation over time, while Superpave’s higher stiffness may lead to brittleness. Unlike the Marshall mix, which has the lowest Mr despite a higher binder content, the BFT mix optimizes binder distribution to provide efficient load-bearing capacity and durability.
For Moisture Susceptibility and ITS, the BFT mix achieves a comparable TSR to Marshall (83.1% vs. 83.3%) but with reduced binder usage, making it more cost-effective. Although Superpave provides the highest TSR, this performance comes at the expense of a higher binder content. The BFT mix, with its optimized binder usage, offers balanced moisture resistance, allowing it to retain strength under moderate moisture exposure without incurring high material costs.
In terms of Fatigue Resistance as measured by the ITFT, the BFT mix provides substantial fatigue life (3,297 cycles), closely approaching Superpave’s performance at a lower binder cost. While Superpave demonstrates the highest fatigue life, its greater stiffness can increase susceptibility to cracking over time. The BFT design’s flexibility helps mitigate fatigue cracking under repeated loads, making it a durable choice for variable loading conditions. Compared to Marshall, which has the lowest cycles to failure, the BFT design improves fatigue performance with a lower binder content, offering better durability without additional costs.
Despite its advantages, the BFT-based mix design has some limitations. The slightly lower stiffness compared to Superpave may make it less suitable for extreme, high-stress applications where maximum rigidity is essential. Additionally, while the BFT mix achieves good moisture resistance, it does not surpass Superpave in this aspect, which could be a consideration for regions with very high moisture levels or freeze-thaw cycles. Lastly, the BFT design requires precise control in binder distribution to optimize film thickness, which may introduce complexity in mix preparation and consistency, potentially limiting its application in areas where such control cannot be consistently maintained.
4 CONCLUSIONS AND RECOMMENDATIONS
This study aimed to test various design mixes and criteria, focusing on BFT. Detailed analysis of BFT was conducted using both analytical and experimental methods. The analytical calculation of BFT yielded an OBC of 3.5%. For Marshall Mix designs, samples with varying binder percentages determined an OBC of 4.3%. Similarly, samples were prepared with varying binder percentages for Superpave mix designs, resulting in an OBC of 4.4%, corresponding to 96% of Gmm. Once the OBC values were established, samples were prepared for performance testing. These samples were subjected to rutting tests using a DWT and various UTM tests, including Mr, ITS, Moisture Susceptibility, and ITFT. The results of these tests led to the following conclusions and recommendations.
	• By optimizing the BFT, the mix design ensures better distribution and adhesion of the binder around aggregates, enhancing the durability and performance of the asphalt pavement.
	• The BFT criterion helps balance performance parameters, such as rutting resistance, stiffness, moisture susceptibility, and fatigue life.
	• Incorporating BFT into the mix design allows for a comprehensive evaluation of asphalt mixtures under various performance conditions, leading to more resilient and long-lasting pavements.
	• In rutting tests using the DWT, the BFT-based mix design with 3.5% binder content shows superior rutting resistance compared to Superpave and marshall mix design, which is crucial for pavements subjected to heavy traffic loads. The smaller BFT effectively minimizes rutting depth.
	• Mr values indicate that all mix designs exhibit similar stiffness, indicating that the BFT criterion does not compromise the pavement’s structural integrity.
	• Superpave Mix showcased superior performance in ITS and Moisture Susceptibility Tests, with Marshall Mix and BFT Mix trailing behind. The BFT-based mix design shows good moisture resistance, ensuring durability in wet conditions.
	• In the ITFT, the Superpave mix design shows the best fatigue performance, while the BFT mix design provides substantial fatigue resistance. This indicates that the BFT-based design can effectively withstand repeated loading cycles, reducing the risk of fatigue-related failures.
	• Overall, BFT performed satisfactorily across most tests and excelled in the dry DWT test under room temperature conditions. Moreover, it is noteworthy that BFT mixes have the lowest OBC, implying a reduced need for binders.

Future research should validate BFT as a design criterion across various environmental conditions and traffic loads. Long-term performance studies under field conditions are essential to confirm the laboratory results. Additionally, optimizing BFT determination through advanced simulation models and exploring new materials or additives can lead to significant advancements in mix design. Addressing the limitations of this study, such as specific environmental conditions and the scale of the experimental setup, will be vital in refining the use of BFT in asphalt mix design. Interdisciplinary approaches, including collaboration with material scientists and incorporating nanomaterials, could further enhance binder properties and pavement performance, making BFT a robust criterion for future mix designs.
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This study aims to investigate the effect of fine aggregate lithology on the performance of rubberized asphalt mixtures. SEM, XRD, and contact angle tests were used to analyze the microscopic physical and chemical properties of 0–3-mm grain-size diabase and limestone. The performance characteristics of two types of ARAC-13 rubberized asphalt mixtures (with the diabase coarse aggregates and diabase fine aggregates, and diabase coarse aggregates and limestone fine aggregates, respectively) were then compared through conventional high-temperature water stability performance tests, uniaxial penetration tests, and accelerated loading abrasion tests. The results show that the surface roughness, chemical composition, and surface adhesion properties of limestone are better than those of diabase, and the surface roughness of limestone is 13.9% higher than that of diabase, and the surface adhesion energy is 6.4% higher. However, the results show relatively small differences between the asphalt mixtures with the diabase coarse aggregates and diabase fine aggregates and those with diabase coarse aggregates and limestone fine aggregates in the conventional water stability performance test and the high-temperature performance test. Furthermore, the strength reaches 90% when cured for 8 h for limestone and 12 h for diabase, with the curing rate being faster for limestone. The anti-abrasion performance of diabase specimens is superior to that of limestone specimens, but the anti-abrasion decay performance is the opposite. In summary, it can be observed that limestone fine aggregate shows better adhesion performance with asphalt than diabase fine aggregate, and it was recommended that diabase coarse aggregate and limestone fine aggregate be used to improve the asphalt–aggregate interface and enhance the road performance of the asphalt pavement.
Keywords: asphalt mixtures, fine aggregates, physical and chemical properties, curing properties, anti-slip decay properties

1 INTRODUCTION
Rubber-modified asphalt is a mature, environmentally friendly pavement material in China, known for its good performance advantages in noise reduction, anti-skid properties, high- and low-temperature resistance, fatigue resistance, and other road performance aspects. Therefore, it has been widely used for decades (Xie et al., 2022; Zhao et al., 2023; Zhang et al., 2021; Peng et al., 2024). For example, rubberized asphalt pavement has been applied to more than 2000 km of highways, national and provincial trunk lines, and other projects in Guangxi from 2012 to 2023. Over this period, a mature construction technology system of Guangxi rubberized asphalt pavement was developed after more than 10 years of engineering practice. Aggregate is the most used material in road construction, and it can be classified into coarse and fine aggregates based on the particle size. Therefore, the properties and quantity of fine aggregate have different effects on the performance of asphalt mixtures. However, due to the different raw materials of the aggregates used in some new highways, the time of occurrence, type, and the evolution of damage during the service operation are significantly different (Huang et al., 2022; Li et al., 2020; Wang et al., 2022; Stukhlyak et al., 2015). Some rubberized asphalt pavement construction projects have faced technical problems, such as insufficient adhesion between the asphalt and aggregate and difficulties in compaction of the mixture, resulting in loose pavement, rutting, and other forms of damage shortly after opening to traffic, as shown in Figure 1. Therefore, it is essential to study the effect of fine aggregate on the performance of the rubberized asphalt mixtures to improve the mechanical properties of these mixtures and enhance the road performance of rubberized asphalt pavements.
[image: A hand holding a mixture of black recycled tire granules and white lime on the left. A section of the mixture is compacted on the right, forming a grey, smooth surface.]FIGURE 1 | Loose and rutted new asphalt pavement.
Many studies show that aggregate affects the properties of asphalt mixtures in multiple dimensions. DelRio-Prat et al. (DelRio-Prat et al., 2010; Ingunza et al., 2013) investigated the effect of aggregate shape characteristics on the modulus of elasticity of asphalt mixtures, and the results showed that asphalt mixes with rounded aggregates are easy to compact, but it will result in a reduction of the modulus of elasticity of the mixture. Jamkar and Rao (Jamkar and Rao, 2004) suggested that the surface texture of the aggregates and the proportion of crushed gravel in the broken surface have a greater effect on the properties of the mixture. Prudêncio et al. (Prudêncio et al., 2013) investigated the correlation between this metric and asphalt mortar based on the metrics of fine aggregate shape characteristics obtained using a simple digital image analysis method and found that the measured metrics have a significant effect on the flowability of asphalt mortar. Ingunza et al. (2013) investigated the effect of aggregate shape characteristics on the modulus of elasticity of asphalt mixtures and found that needle-like particles are detrimental to the compaction of asphalt mixtures, and aggregates with rounded shapes are more conducive to compaction but reduce the modulus of elasticity values. Cheung and Dawson (2002) found that the angularity of the coarse aggregate is the main factor affecting the ultimate shear strength and permanent deformation. Mahboub et al. (2001) used Kentucky limestone with different contents of needle flake for asphalt mixture performance analysis and concluded that the asphalt mixture properties were significantly affected when the needle flake particle content exceeds 40%. Habal and Singh (2017) tested the water stability properties of three types of warm mix asphalt (WMA) using the surface free energy method test with two types of aggregates, namely, granite and limestone. The results showed a correlation between the elemental composition of the asphalt and the surface free energy parameter; the comparison revealed that limestone mixes had better resistance to water damage than granite aggregates. Wang et al. (2011) conducted abrasion tests on mixture specimens prepared from coarse and fine aggregates with different abrasion properties and tested the long-term skid resistance using the Prufstand Wehner/Schulze (PWS) dynamic coefficient of friction tester. It was found that the higher the abrasion value of the aggregate, the better the long-term skid resistance of the mixture and that the fine aggregate had a greater effect on the long-term skid resistance of the pavement compared to the coarse aggregate.
The abovementioned research shows that the various characteristics of the aggregate for asphalt mixture pavement performance need to be addressed. However, in recent construction projects, the traditional 0–5 mm limestone mechanized sand has been used instead of the 0–5-mm diabase mechanized sand. This paper investigates the effect of the different types of mechanized sand on adhesion and compaction properties. The study first focuses on two types of mechanism sand, analyzing their micro-physical properties, the chemical composition of the minerals, and surface adhesion energy. Microscopic adhesion properties are tested for comparison. Additionally, the pavement performance of the mixture is analyzed, including high temperature stability, water stability, strength, and skid resistance. The goal is to provide a theoretical reference basis for the selection of the appropriate sand type.
2 MATERIAL AND METHODS
2.1 Materials
2.1.1 Mastic-modified asphalt
The pre-prepared finish rubberized asphalt was used in the validation test. The specific performance indicators are shown in Table 1.
TABLE 1 | Rubberized asphalt index test results.
[image: Table showing performance indicators and test results: 180°C Brinell viscosity is 2.67 Pa-s, softening point is 73.0°C, elongation is 8.5 cm, needle penetration at 25°C is 40 mm, elasticity recovery is 85%, and relative density is 1.044.]2.1.2 Coarse aggregates
The coarse aggregates used to test the performance of this mixture were all taken from Nanzhan Expressway Division 1–1. The coarse aggregates are 1# (10–15) and 2# (5–10) mm diabase. The performance indexes and sieve test results are shown in Tables 2, 3.
TABLE 2 | Coarse aggregate performance index.
[image: Table showing properties of coarse aggregates. The 10–15 mm aggregate has a water absorption of 0.27%, an apparent relative density of 3.040, and a gross volume relative density of 3.016. The 5–10 mm aggregate has a water absorption of 0.31%, an apparent relative density of 3.054, and a gross volume relative density of 3.025. Technical requirements specify water absorption ≤3.0% and apparent relative density ≥2.50.]TABLE 3 | Mineral screening test results.
[image: Table showing the percentage of mass passing through sieve holes for two diabase coarse aggregate sizes. For 10-15 mm aggregate, values decrease from 100% at 31.5 mm to 0.2% at 0.075 mm. For 5-10 mm aggregate, values decrease from 100% at 31.5 mm to 1.2% at 0.075 mm.]2.1.3 Fine aggregates
The fine aggregates used in this mix performance test were taken from Nanzhan Expressway Division 1–1 and consisted of 3# (0–5) mm diabase mechanized sand and 4# (0–5) mm limestone mechanized sand. The performance indexes and the results of the sieve test are shown in Tables 4, 5.
TABLE 4 | Fine aggregate properties.
[image: Table comparing minerals: Diabase fine aggregate, Limestone mechanized sand, and Mineral powder with technical requirements. The table details apparent and gross volume relative densities; water absorption is not listed. Diabase has an apparent density of 3.012 and a gross density of 2.971. Limestone's densities are 2.699 and 2.672, respectively. Mineral powder has an apparent density of 2.707. Technical requirements specify an apparent density of at least 2.50. Note: Specific sieved aggregate densities are used.]TABLE 5 | Fine aggregate sieve test results.
[image: Table showing the percentage of mass passing through sieve holes of various sizes in millimeters for three minerals: Diabase, Limestone, and Mineral Powder. Diabase shows a decrease from 100% at larger sizes to 11.2% at 0.075 mm. Limestone decreases from 100% to 17.2% at 0.075 mm. Mineral Powder remains mostly 100% across all sizes, slightly decreasing to 98% at 0.075 mm.]2.1.4 Mineral gradation and oil/stone ratio
The synthetic grading of ARAC-13 was determined for this comparative validation based on the characteristics of the aggregate and the grading experience in projects under construction, as shown in Table 6. In this grading, 1# (10–15) mm and 2# (5–10) mm diabase were used as coarse aggregates, as shown in Table 2; and 3# (0–5) mm diabase mechanized sand and 4# (0–5) mm limestone mechanized sand were used as fine aggregates.
TABLE 6 | Mineral grade composition design table.
[image: Table showing material composition and percentage of mass passing through various sieve holes in millimeters. Two rows: mineral powder data and synthetic grade data. Sieve sizes include 31.5, 26.5, 19, 16, 13.2, 9.5, 4.75, 2.36, 1.18, 0.6, 0.3, 0.15, and 0.075 mm, with corresponding percentages for both compositions.]The bitumen-aggregate ratio of 5.7% was selected as the optimum asphalt content for all the tests based on engineering experience. Marshall specimens were prepared based on the optimum asphalt content, and volume indexes such as VV, VFA, and VMA were tested.
2.2 Test methods
2.2.1 Fine aggregate adhesion microtest
The physical properties, chemical properties, and texture structure of the surface of fine aggregates were tested to investigate the micro-mechanism of the differences in the adhesion performance of different fine aggregates to asphalt. XRD was then used to determine the mineral composition of the fine aggregates and analyze their chemical composition to evaluate the adhesion performance between aggregates and asphalt. Finally, the surface energy of different aggregates with asphalt was tested using the seated drop method to compare and verify the adhesion properties of different fine aggregates with asphalt.
2.2.1.1 Surface microcharacterization test
The Phenom Pro SEM, manufactured by Phenom-World Company in the Netherlands, was used to scan the surface microscopic characteristics of diabase and limestone fine aggregates with a grain size of 2.36 mm after washing and drying. The SEM scanning magnification was chosen to be ×3,000, and the image unit size was 10 μm because the thickness of the asphalt film of intensively blended mixtures is generally 6∼8 μm. Five parallel experimental specimens were selected and imaged for the quantitative analysis of the degree of roughness of the two types of aggregates. The images were then processed using ImageJ software, which first converted the images to the 8-bit format, calculated the gray value of the images, and then analyzed the variance of the gray value of the images, which was used to characterize the degree of surface roughness of the fine aggregates.
2.2.1.2 Mineral composition analysis test
A D8 advance X-ray diffractometer (Bruker, Germany) was used to analyze the mineral composition of the 2.36-mm grain-size diabase and limestone fine aggregates. The basic principle is that when X-rays are directed at the surface of a mineral crystal, they are scattered by the crystal’s atoms, producing scattered waves emanating from the center of each atom. Because of the periodic arrangement of the atoms within the crystal, a fixed-phase relationship exists between the scattered waves, where certain directions reinforce each other and others cancel out, resulting in diffraction. Given that the arrangement of the atoms within each crystal is unique, the resulting diffraction lines are distinctive in their spatial distribution and intensity. Therefore, the mineral composition of the aggregate can be determined by comparing the XRD results with the established card library.
2.2.1.3 Contact angle test
The SDC-200S Scientific Research Contact Angle Measuring Instrument (China) was used to test the surface energy of limestone, diabase, and rubberized asphalt. The rubber asphalt is first heated and allowed to flow to form a rubber asphalt sheet, which is then compacted with a thick rubber pad to complete the preparation of the asphalt sample. After washing and drying the aggregate, fine aggregates of limestone and diabase with a grain size of 9.5 mm were used to cut and prepare the aggregate specimens. The specimens are 1 cm × 1 cm × 0.5 cm in size, and different mesh coarse, medium, and fine sandpapers were used to polish them smoothly. The two types of test liquids, distilled water and anhydrous ethanol, were used for the seat-drop test to calculate the surface energy parameters of the specimens.
2.2.2 Comparative tests of mixture properties
2.2.2.1 Forming temperature test
The Marshall test is used to prepare specimens of asphalt mixture. The specimen size is Φ101.6 mm, and the diameter is 63.5 ± 1.3 mm. The mixed mixture specimens were placed in a constant-temperature oven set at different temperatures to keep them warm for 1 h. The actual temperature was measured using the inserted temperature sensor. The Marshall compactor was used to compact the mixture, and the void ratio indexes were tested for comparison to evaluate the effect of different fine aggregate lithologies on the mix-forming temperature.
2.2.2.2 Water stability test
The Marshall specimens were prepared using two types of fine aggregates, namely, diabase and limestone. The specimen size is Φ101.6 mm, and the diameter is 63.5 ± 1.3 mm. The water stability performance of the mixture specimens prepared with different fine aggregates was tested, and the effect of different fine aggregate lithologies on the water stability performance of the mixture was evaluated using the residual stability and the freezing–thawing cleavage tensile strength ratio.
2.2.2.3 High-temperature stability test
The rutting specimens were prepared using two types of fine aggregates, namely, diabase and limestone. The specimen size is 300 mm × 300 mm × 50 mm, and the high-temperature performance was tested using a conventional dynamic stability test. The test temperature was set at 60°C ± 1°C, and the ground pressure of the test wheels was set at 0.7 ± 0.05 MPa. Test durations of 45 min and 60 min were used to evaluate the stability of mixes and the effect of different fine aggregate lithologies on the high-temperature stability of the mixture.
2.2.2.4 Curing characteristic test
The diabase and limestone aggregates were used to prepare specimens using the SGC instrument in this paper. The specimens had a diameter of 100 mm ± 2.0 mm and a height of 100 mm ± 2.0 mm, making them cylindrical. The specimens were left at 20°C room temperature for 4 h, 8 h, 12 h, 18 h, and 24 h for asphalt mixture curing, according to the “Asphalt and Asphalt Mixture Test Procedures for Highway Engineering.” The uniaxial penetration strength was tested on the SGC specimens using the MTS tester, and the penetration strength index was used to analyze the effect of different fine aggregate lithologies on the curing strength of the asphalt mixture.
2.2.2.5 Anti-slip decay performance test
Rutting specimens were prepared with two types of fine aggregates, diabase and limestone, and accelerated abrasion tests were conducted with the skid resistance decay simulation equipment for asphalt pavement studied by the research group, with the loading times of 0, 200, 500, 1,000, 2,000, 5,000, and 10,000 and a test temperature of 30°C. The ground pressure was 0.7 MPa, and the rotation speed was 60 r/min. At the end of each loading cycle, the depth of the structure of the specimen and the pendulum value were measured in the rutted plate track zone, with four measurement points uniformly taken to calculate the average value. Three parallel specimens of two types of fine aggregate were prepared. The depth of the structure and pendulum value index were used to analyze the effect of different fine aggregate lithologies on the skidding decay performance of the rubberized asphalt mixture.
3 TEST RESULTS AND ANALYSIS
3.1 Fine aggregate adhesion microtest results and analysis
The asphalt/aggregate interface is the main determinant of the adhesion properties between asphalt and aggregate. When the same type of asphalt is used as a binder, the surface microstructure of individual aggregate at the physical level determines the total adhesion area of the asphalt–aggregate interface, while the mineral composition of the aggregates at the chemical level determines the strength of asphalt–aggregate adhesion. Therefore, the physical and chemical characteristics of the aggregate play a key role in the adhesion performance of the asphalt, which directly affects the high-temperature mechanical properties of the mixture.
3.1.1 Fine aggregate surface microcharacterization
The images of the different aggregates after SEM scanning are shown in Figure 4. It can be observed that the microstructure of the 2.36-mm-sized pyrodiabase is mainly in the form of lamellae, with fewer overlying fine particles. The microstructure of 2.36-mm limestone is mainly ellipsoidal, with more overlying fine particles, and the overall intuitive feeling of the roughness of the two aggregates is relatively low. To quantitatively analyze the degree of roughness of the two types of aggregates, each parallel test group was photographed and grayscale-processed, as shown in Figure 2. ImageJ was used to analyze the grayscale matrix value of the image and then seek its variance value; the results are shown in Table 7. From Table 7, the gray scale variance of the limestone image at 2.36-mm particle size is 13.9% higher than that of the diabase image; the reason for this is the larger specific surface area of the ellipsoid-like structure than that of the laminar lamellar structure at the same volume, and it can be intuitively observed in Figure 3 that there are more fine particles in the upper layers of limestone than in the diabase. Therefore, the total adhesion area at the asphalt aggregate interface is greater in limestone than in the diabase. The microstructural roughness of limestone is better than that of diabase, and its overall adhesion area at the asphalt–aggregate interface is greater than that of diabase.
[image: Section A and B display a sequence of imagery depicting surface profiles of diabase and limestone under varying magnifications. Section C is a graph showing the gray value distribution across distance for diabase, indicating fluctuations. Section D is a similar graph for limestone, also displaying variations in gray value along distance.]FIGURE 2 | Image gray matrix processing based on “ImageJ” software. (A) SEM scanning of the diabase gray matrix. (B) SEM scanning of the limestone grayness matrix. (C) Diabase after ash treatment. (D) Limestone after ash treatment.
[image: Scanning electron micrographs labeled A and B. Panel A highlights a lamellar structure with a red circled area. Panel B shows ellipsoid-like structures, also circled in red, with arrows pointing to them. Both images have scale bars for reference.]FIGURE 3 | SEM scanning of glow aggregate microscopic properties (magnification 3,000). (A) Diabase. (B) Limestone.
[image: X-ray diffraction patterns labeled A, B, C, and D. Graph A shows peaks in intensity from two-theta angles of 10 to 40 degrees. Graph B features similar peaks but with reduced intensity. Graph C has fewer peaks, mainly one prominent peak. Graph D shows a pattern similar to C with one dominant peak and lower surrounding peaks. Each graph includes intensity versus two-theta degrees.]FIGURE 4 | XRD-based mineral content analysis of whole rock of aggregates. (A) Diabase 1. (B) Diabase 2. (C) Limestone 1. (D) Limestone 2.
TABLE 7 | Characterization of aggregate roughness based on image gray scale variance values.
[image: Table displaying the image gray level variance values in percentages for two aggregate types: 2.36 millimeter diabase and 2.36 millimeter limestone. For diabase, values are 14.7, 24.2, 24.9, 18.1, 13.4 with an average of 19.06. For limestone, values are 14.1, 18.6, 40.1, 10.0, 25.7 with an average of 21.72.]3.1.2 Fine aggregate mineral composition
The XRD test results of the two groups of materials are shown in Figure 4; it can be observed that the shape of the diffraction pattern remains the same for the same type of aggregate. In contrast, the intensity of the diffraction peaks is slightly different, indicating that the constituent minerals are similar within the same aggregate lithology. However, their proportions are slightly different because the sources are different. In addition, there is a large difference between the two when the aggregate lithologies are different. For further quantitative analysis, the mineral composition of the aggregates can be obtained by analyzing Figure 4, as shown in Table 8.
	1) Diabase is mainly composed of eight mineral components, including clay, plagioclase, and diabase; among these, the clay component accounts for the highest proportion of approximately 40%, followed by plagioclase, diabase, amphibole, calcite, dolomite, pyrite, and quartz, accounting for a total of approximately 60%.
	2) The main mineral composition of limestone is calcite, accounting for more than 99%, with trace amounts of other components such as dolomite and quartz.
	3) According to the existing literature, it is confirmed that the oxides that affect the adhesion between aggregate and asphalt mainly include four types, namely, SiO2, Al2O3, MgO, and CaO. Among these, CaO and MgO exhibit stronger adhesion to asphalt, whereas SiO2 and Al2O3 show weaker adhesion. Although the main chemical composition of calcite is CaO, the main chemical compositions of clay and plagioclase are SiO2 and Al2O3, respectively, and the main chemical composition of diabase is SiO2. Therefore, the XRD test results confirm that the adhesion of limestone to asphalt, analyzed in terms of its chemical composition, is significantly better than that of diabase.

TABLE 8 | Percentage of different mineral compositions of aggregates.
[image: Table showing whole rock mineral content percentages for different materials. Rows list Diabase 1, Diabase 2, Limestone 1, and Limestone 2. Columns include Quartz, Potassium Feldspar, Plagioclase, Limonite, Dolomite, Calcite, Pyrite, Clays, Amphibole, and Diabase. Specific values provided for each material and mineral type.]3.1.3 Fine aggregate surface energy properties
Adhesion of asphalt–aggregate refers to the process of solid and liquid surfaces being replaced by solid–liquid interfaces, and the change in Gibbs free energy of the system before and after the process can characterize the tendency of the system state change. Equations 1, 2 were used to calculate the adhesion energy.
[image: The image displays a mathematical formula: \(\Delta G_{s b} = \gamma_{l b} - \gamma_{s b}\), where \(\Delta G_{s b}\) represents Gibbs free energy change, \(\gamma_{l b}\) and \(\gamma_{s b}\) denote surface tensions between different phases.]
[image: The equation displayed is: \( \Delta G_{sb} = -2\left( \sqrt{Y_s^L Y_b^L} w_w + \sqrt{Y_s^L Y_b^L} w_w + \sqrt{Y_s^L Y_b^L} w_b \right) \).]
where [image: I'm sorry, I cannot view the image. Please upload it or provide a URL. If you have additional context, you can include that too.] is the adhesion free energy; γsb is the solid–liquid substance interfacial energy; γs is the solid substance surface energy; γb is the liquid substance surface energy; [image: Greek letter gamma with a superscript LW and subscript s.] is the solid matter dispersion component; [image: The image shows the mathematical expression gamma sub b superscript L W.] is the liquid substance dispersion component; [image: Formula illustrating gamma particles: gamma superscript plus interacting with gamma indicating vector with bar, subscript s; gamma superscript minus indicating a different state with gamma, subscript s.] is the solid matter polar force component; and [image: Physics equation representing the transition or interaction between particles, with gamma symbols and subscripts b indicating particular states or fields.] is the liquid substance polar force component.
The various aggregate and asphalt surface energy parameters were calculated, as shown in Table 9.
	1) The adhesion of limestone rubberized asphalt is better than that of diabase-rubberized asphalt. As shown in Table 9, the adhesion energy of limestone and rubberized asphalt is −174.0 mJ/m2. It is 6.4% lower than that of diabase and rubberized asphalt (−163.2 mJ/m2), which means that the adhesion between the limestone and rubberized asphalt releases more energy, the whole solid–liquid interface is more stable, and the adhesion is better.
	2) The polarity component of diabase is significantly higher than that of limestone. From Table 9, the difference in surface energy between diabase and limestone is relatively small. However, the polarity component of diabase is 109.83 mJ/m2, which is 28.7% higher than that of limestone (85.36 mJ/m2), indicating that diabase is more hydrophilic than limestone. It shows that when diabase is used as a fine aggregate in an asphalt mixture, it is more susceptible to water-induced damage; capillary water can more easily penetrate the interface between asphalt and aggregate, leading to asphalt film detachment, reduced adhesion, and early-stage deterioration.

TABLE 9 | Surface energy parameters of different specimens.
[image: Table showing surface energy properties for three substances: Rubberized asphalt has a surface energy of 17.27 mJ/m², dispersive component 9.98 mJ/m², and polar component 7.29 mJ/m². Diabase has a surface energy of 117.06 mJ/m², dispersive component 7.23 mJ/m², polar component 109.83 mJ/m², and adhesion -163.5 mJ/m². Limestone has a surface energy of 115.62 mJ/m², dispersive component 30.26 mJ/m², polar component 85.36 mJ/m², and adhesion -174.0 mJ/m².]3.2 Comparative test results and analysis of mix performance
3.2.1 Comparison of molding temperatures
After comparing the test results of the previous trial compaction, it was found that for the same grading and bitumen–aggregate ratio, it is difficult to achieve the same mixture filling state under the same compaction conditions when molding the mixture. This is due to the differences in the surface microstructure and lithology of diabase and limestone fine aggregates. To investigate the compaction conditions of different specimens, specimens were prepared at different compaction temperatures. Specific results are shown in Table 10.
TABLE 10 | Specimens’ void ratio at different compaction temperatures.
[image: Table showing void ratios of fine aggregates. For limestone, values are 5.3% at 150°C, 4.9% at 155°C, 4.6% at 160°C, and 4.2% at 165°C. For diabase, values are 5.5% at 165°C, 5.1% at 170°C, 4.7% at 175°C, and 4.3% at 180°C. Empty cells indicate no data.]From Figure 5, it can be observed that the compaction temperature required for the diabase specimens is approximately 15°C higher than that for the limestone specimen when the same compaction effort is proposed to achieve the target void ratio. To comparatively analyze the pavement performance of the mix specimens prepared with different fine aggregates, two types of ARAC-13 mixes were prepared for the water immersion Marshall test, the freeze-thaw splitting test, and the rutting test based on the selected gradation, bitumen-aggregate ratio, and molding temperature (160°C for limestone and 175°C for diabase), using the same gradation of SGC to prepare the specimens. The uniaxial penetration method was used to compare the cure time-strength, and finally, the accelerated loading abrasion test was used to compare the skidding decay resistance.
[image: Line graph showing void ratio percentage against temperature in degrees Celsius for limestone and diabase. Limestone data, in black squares, decreases from 6.2% at 170°C to 4.4% at 160°C, and then to 3.6% at 150°C. Diabase data, in red circles, decreases from 6.4% at 180°C to 5.4% at 175°C, and then to 4.4% at 170°C.]FIGURE 5 | Voidness of specimens with different compaction temperatures.
3.2.2 Comparison of water and high-temperature stability
The results of water stability tests are shown in Tables 11, 12, and the results of high-temperature stability tests are shown in Table 13. From Tables 11–13, the water stability performance and high-temperature stability performance of the mix specimens prepared at different molding temperatures (160°C for limestone and 175°C for diabase) are much higher than the specification requirements, and there is no significant difference between them.
TABLE 11 | Results of immersion Marshall residual stability tests.
[image: Table comparing gradation types for Diabase ARAC-13 and Limestone ARAC-13. Includes columns for Marshall stability, void ratio, immersion Marshall stability, void ratio, and residual stability. Diabase shows values: 11.72 kN, 4.5%, 11.18 kN, 4.6%, 95.39%. Limestone shows: 11.41 kN, 4.5%, 11.09 kN, 4.5%, 97.20%. Technical requirements are ≥8 kN, 3 to 6%, — , 3 to 6%, and ≥85%.]TABLE 12 | Freeze–thaw splitting test results.
[image: Table comparing gradation types for Diabase ARAC-13 and Limestone ARAC-13. Columns include unconditional RT1 without freeze-thaw cycles in MPa, void ratio percentages, prerequisite freeze-thaw cycle RT2 in MPa, and freeze-thaw split tensile strength ratio in percentages. Diabase shows values of 1.133 MPa, 5.5%, 1.014 MPa, and 89.50% respectively; Limestone shows 1.108 MPa, 5.4%, 1.006 MPa, and 90.79%. Technical requirements are not specified except for freeze-thaw split tensile strength ratio, which should be equal to or greater than eighty percent.]TABLE 13 | 60°C rutting test results.
[image: A table comparing deformation measurements for Diabase and Limestone ARAC-13 over 45 and 60 minutes, with single-valued and average DS values. Diabase has pieces with values around 10,120, while Limestone's average is 10,047. The technical requirement for DS is greater than or equal to 3,000.]3.2.3 Effect of curing time on strength
The results of uniaxial penetration tests at different curing times are shown in Table 14; Figure 6.
	1) The cured strength of the limestone specimens is significantly higher than that of diabase specimens, and the penetration strength is 10%–20% higher under different curing times. The cured strength of the two types of rubberized asphalt mixtures under curing for 4 h is 1.563 MPa and 1.902 MPa, respectively. The limestone specimens are 21.7% higher than the diabase specimen, and its cured strength under a curing time of 24 h is elevated to 2.944 MPa and 2.611 MPa. The limestone specimens are still 12.7% higher than the diabase specimen.
	2) The curing rate of limestone specimens is significantly higher than that of diabase specimens, and the curing time is more than 4 h faster than that of diabase specimens. Figure 6 illustrates that the degree of curing of the two rubberized asphalt mixtures is approximately 60% when the curing time is 4 h. The degree of curing of the limestone asphalt mixture curing strength has reached 90% when the curing time is 8 h. At the same time, the curing strength of the diabase asphalt mixture is only 74% when the curing time is extended to 12 h, but the curing strength of the limestone asphalt mixture is more than 90%.

TABLE 14 | Uniaxial penetration strength of specimens with different curing times.
[image: Table displaying uniaxial penetration strength in megapascals (MPa) for diabase and limestone at various curing times (4, 8, 12, 18, and 24 hours). Each curing time includes specific values for three specimens, with an average calculated. Diabase strength increases from 1.564 MPa at 4 hours to 2.611 MPa at 24 hours, while limestone strength increases from 1.902 MPa to 2.944 MPa over the same period.][image: Bar and line chart showing the penetration strength of diabase and limestone and the degree of solidification over curing times of 4, 8, 12, 18, and 24 hours. Diabase and limestone strengths are represented by bars, while the degrees of solidification are represented by lines. Both penetration strength and solidification degree generally increase with curing time.]FIGURE 6 | Trend of specimens’ penetration strength and degree of curing at different curing times.
3.2.4 Anti-slip decay properties
The location of the two specimens’ measuring points and the effects after abrasion are shown in Figure 7. The test data, after taking the mean values, are shown in Table 15. When plotted, these data (provided in Table 15) reveal the trend shown in Figure 8.
	1) As the number of abrasions increases, the anti-skid performance of two types of specimens gradually decreases. However, the declining trend gradually tends to level off, as shown in Figure 8. After 10,000 cycles of abrasion, the anti-skid performance index tends to stabilize for all six specimens. This phenomenon is primarily attributed to the abrasion wheel aggregating the surface of the asphalt, leading to significant initial decreases in anti-skid performance. Over time, the abrasion mainly relies on wear resistance, hardness, and other properties of the aggregate, resulting in a slower rate of decrease in anti-skid performance.
	2) Limestone and diabase specimens have advantages and disadvantages with respect to abrasion slip resistance performance indexes. The pendulum values of the limestone and diabase specimens were 67.5 BPN and 62.3 BPN, respectively, with the limestone specimens slightly higher by 8.34%. The structural depths were 1.125 mm and 1.568 mm, with the diabase specimens displaying a 39.3% greater depth.
	3) The anti-abrasion performance of the limestone specimen is slightly worse than that of the diabase specimen. As shown in Table 14, the BPN value is 47.3 and 50.1, and tectonic depth is 0.68 mm and 0.87 mm for limestone specimens and diabase specimens, respectively, after 10,000 cycles of abrasion.
	4) Limestone specimens have slightly better anti-slip properties than diabase. From Table 14, it is observed that the initial pendulum value and the average value of the tectonic depth of the limestone specimens are 67.5 BPN and 1.125 mm, respectively. With the number of abrasions increasing from 0 to 200 cycles, these values decreased by 9.48% and 23.55%, respectively. However, between 7,000 and 10,000 cycles, the values decreased by 2.27% and 0.44%, respectively. In contrast, the initial pendulum value and tectonic depth of the diabase specimens are 62.3 BPN and 1.568 mm, respectively. As the number of abrasion cycles increased from 0 to 200, these values decreased by 4.81% and 21.55%, respectively. Between 7,000 and 10,000 cycles, the values decreased by 2.53% and 4.07%, respectively. These results indicate that limestone specimens exhibit better resistance to abrasion decay compared to diabase specimens, and the anti-slip properties of both may converge as the number of abrasion cycles continues to increase.

[image: Four images labeled A through D show detailed sections of a textured, dark surface. Image A and C depict the surface with numbered rectangular sections outlined. Image B presents a close-up with a red circle highlighting a specific area, paired with a scale bar. Image D shows another close-up with a ruler beside the surface.]FIGURE 7 | Different specimens’ measuring point positions and the effect after abrasion. (A) Measurement points of limestone specimens. (B) Surface structure of limestone specimens after 10,000 cycles of abrasion. (C) Measurement points of diabase specimens. (D) Surface structure of diabase specimens after 10,000 cycles of abrasion.
TABLE 15 | Specimens’ pendulum value and construction depth data under different abrasion times.
[image: Table showing pendulum values (BPN) and depth of construction (mm) for various materials under different ordinal load numbers. It includes limestone and diabase types with individual and average values at load levels from zero to ten thousand.][image: Two graphs compare limestone and diabase under abrasion tests. Graph A shows pendulum value (BPN) decreasing with more abrasions, with limestone starting higher. Graph B illustrates depth of construction increasing slightly with abrasions, with limestone initially less deep. Both graphs display trends over 0 to 10,000 abrasion cycles.]FIGURE 8 | Trend of skidding decay of specimens with a different number of abrasions. (A) Pendulum value. (B) Depth of construction.
4 CONCLUSION
This paper presents comparative tests on the microphysical characteristics, mineral chemical composition, and surface adhesion energy of two types of manufactured sands (diabase and limestone). It then compares and analyzes the compaction characteristics, high temperature, water stability, strength, skid resistance, and other road properties of the two types of mixtures. The conclusions obtained are as follows.
	1) Based on the microscopic test results, it is shown that the adhesion of limestone to asphalt is significantly better than that of diabase. SEM image analysis shows that the surface roughness of limestone is 13.9% higher than that of diabase. XRD analysis reveals that the mineral composition of the limestone, consisting of 99% CaO system alkaline components, exhibits excellent adhesion to asphalt. In contrast, the chemical composition of diabase, which comprises 60% SiO2 and an Al2O3-based acidic and neutral system, shows poor adhesion to asphalt. According to surface energy theory, the adhesion energy at the limestone–asphalt interface is 6.4% higher than that at the diabase–asphalt interface.
	2) Based on the test of compaction characteristics of the mixture, it is shown that the compaction performance of the limestone sand specimens is significantly better than that of the diabase specimens. To achieve the target void ratio under the same compaction work, the compaction temperature of the diabase specimens needs to be approximately 15°C higher than that of the limestone specimens.
	3) Based on the mixture curing characteristics, the test shows that the curing rate and strength of limestone specimens are significantly better than those of the diabase specimens. Under the same conditions, the curing strength of limestone specimens reaches more than 90% in just 8 h, whereas diabase specimens need 12 h. Additionally, the final curing strength of limestone specimens is 7.8% higher compared to diabase specimens.
	4) The anti-abrasion performance of limestone specimens is slightly inferior to that of diabase specimens. After 10,000 cycles of abrasion, the BPN values for limestone and diabase specimens were 47.3 and 50.1, respectively, with structural depths of 0.68 mm and 0.87 mm. The decrease in the anti-slip index for diabase specimens is smaller than that of the limestone specimens.
	5) The limestone specimens are slightly better than the diabase specimens in wear decay resistance. When the number of abrasions increased from 7,000 to 10,000 cycles, the BPN and tectonic depth of the limestone specimens decreased by 2.27% and 0.44%, respectively, whereas the BPN and tectonic depth of the diabase specimens decreased by 2.53% and 4.07%, respectively. As the number of abrasions continues to increase, the slip resistance properties of the two materials may gradually converge.

In summary, for asphalt pavement construction, limestone sand should be used as a fine aggregate due to its superior asphalt adhesion and strength characteristics. If diabase sand is utilized as a fine aggregate, the open traffic time must be strictly controlled. It is recommended that traffic be opened after 5 days of traffic restriction, especially during high summer temperatures, following milling.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material; further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
LZ: conceptualization, data curation, formal analysis, funding acquisition, investigation, methodology, project administration, resources, software, supervision, validation, visualization, writing–original draft, and writing–review and editing. HZ: writing–original draft and writing–review and editing. SJ: writing–original draft and writing–review and editing. HH: data curation and writing–review and editing. BX: writing–review and editing. HY: writing–original draft.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

REFERENCES
	 Cheung, L. W., and Dawson, A. R. (2002). Effects of particle and mix characteristics on performance of some granular materials. Transp. Res. Rec. J. Transp. Res. Board 1787, 90–98. doi:10.3141/1787-10
	 Delrio-Prat, M., Vega-Zamanillo, A., Castro-Fresno, D., and Calzada-Pérez, M. Á. (2010). Energy consumption during compaction with a gyratory intensive compactor tester. Estimation models. Constr. Build. Mater. 25, 979–986. doi:10.1016/j.conbuildmat.2010.06.083
	 Habal, A., and Singh, D. (2017). Moisture damage resistance of gtr-modified asphalt binders containing wma additives using the surface free energy approach. J. Perform. Constr. Facil. 31. doi:10.1061/(asce)cf.1943-5509.0000995
	 Huang, Z. G., Liu, B. Q., and Gong, W. J. (2022). Discussion on the quality engineering construction mode of wide highway pavement under the hot and humid mountain environment in Guangxi Province. West. China Commun. Sci. and Technol. , 16–18. doi:10.13282/j.cnki.wccst.2022.10.005
	 Ingunza, M. D. P. D., Júnior, O. F. D. S., and Medeiros, S. A. (2013). Sewage sludge as raw-material in asphalt mixtures. Adv. Mater. Res. 664, 638–643. doi:10.4028/www.scientific.net/AMR.664.638
	 Jamkar, S. S., and Rao, C. B. K. (2004). Index of aggregate particle shape and texture of coarse aggregate as a parameter for concrete mix proportioning. Cem. Concr. Res. 34, 2021–2027. doi:10.1016/j.cemconres.2004.03.010
	 Li, S. C., Bai, W., and Chen, N. (2020). Comparative study on performance of rubber asphalt pavement and SBS modified asphalt pavement of yihe Expressway in Guangxi. Subgr. Eng. , 89–93. doi:10.13379/j.issn.1003-8825.201911001
	 Mahboub, K. C., Oduroh, P. K., and Anderson, R. M. (2001). Hot mix asphalt with flat and elongated aggregates. Constr. Mater. Issues 2001, 183–192. doi:10.1061/40591(269)19
	 Peng, W., Li, P., Gao, J., Liu, Z., Wang, X., Wang, S., et al. (2024). Long-term skid resistance evolution and influence mechanism of asphalt pavement based on self-developed wear equipment. Constr. Build. Mater. 453, 139085. doi:10.1016/j.conbuildmat.2024.139085
	 Prudêncio, L. R., Weidmann, D. F., de Oliveira, A. L., and Damo, G. F. (2013). Particle shape analysis of fine aggregate using a simplified digital image processing method. Mag. Concr. Res. 65, 27–36. doi:10.1680/macr.11.00199
	 Stukhlyak, P. D., Buketov, A. V., Panin, S. V., Maruschak, P. O., Moroz, K. M., Poltaranin, M. A., et al. (2015). Structural fracture scales in shock-loaded epoxy composites. Phys. Mesomech. 18, 58–74. doi:10.1134/S1029959915010075
	 Wang, D., Steinauer, B., and Yin, C. (2011). “Optimization of long-term skid resistance on asphalt concrete pavement,” in Paper presented at 2011 International Conference on Remote Sensing, Environment and Transportation Engineering,  (Nanjing, 24-26 June 2011), 4246–4248. doi:10.1109/rsete.2011.5965267
	 Wang, Y., Yan, J. C., and Yuan, H. T. (2022). Study on the high temperature storage performance of rubber composite modified asphalt on wulong Expressway. West. China Commun. Sci. and Technol. , 96–98. doi:10.13282/j.cnki.wccst.2022.05.030
	 Xie, C., Luo, J., Zeng, L., Ren, T., Liu, H., and Chen, J. (2022). Research on evaluation index of high temperature performance of rubberized asphalt binder. Front. Mater. 9. doi:10.3389/fmats.2022.904087
	 Zhang, H. G., Tan, H., Wang, B., Xiong, J. P., Kuang, D. L., and Liu, W. C. (2021). Performance evaluation, modification mechanism and application research progress of rubber asphalt. Appl. Chem. Ind. 50, 299–303. doi:10.16581/j.cnki.issn1671-3206.2021.s2.059
	 Zhao, Z., Wu, S., Xie, J., Yang, C., Yang, X., Chen, S., et al. (2023). Recycle of waste tire rubber powder in a novel asphalt rubber pellets for asphalt performance enhancement. Constr. Build. Mater. 399, 132572. doi:10.1016/j.conbuildmat.2023.132572

Conflict of interest: Authors LZ, HZ, and HH were employed by Guangxi Transportation Science and Technology Group Co., Ltd. Authors BX and HY were employed by Guangxi Jiaoke New Materials Technology Co., Ltd.
The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Zeng, Zhang, Jiang, Huang, Xiong and Yuan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
ORIGINAL RESEARCH
published: 15 July 2025
doi: 10.3389/fmats.2025.1602341
[image: image2]
Effect of recycled aggregate and freeze-thaw cycles on fatigue performance of asphalt concrete
Yihong Yan1, Wenbo Li1 and Lei Wang2*
1School of Transportation, Changsha University of Science and Technology, Changsha, China, 2College of Traffic and Transportation, Chongqing Jiaotong University, Chongqing, China
Edited by:
Nicholas Thom, University of Nottingham, United Kingdom
Reviewed by:
Mahmoud Ebrahimi, University of Maragheh, Iran
Guojian Liu, Suzhou University of Science and Technology, China
*Correspondence:
 Lei Wang, leo@mails.cqjtu.edu.cn
Received: 29 March 2025
Accepted: 01 July 2025
Published: 15 July 2025
Citation:
Yan Y, Li W and Wang L (2025) Effect of recycled aggregate and freeze-thaw cycles on fatigue performance of asphalt concrete. Front. Mater. 12:1602341. doi: 10.3389/fmats.2025.1602341
Fatigue damage is a primary mode of failure in asphalt pavements under repeated traffic loading. The incorporation of recycled concrete aggregate (RCA) in asphalt mixtures addresses issues of construction waste landfilling while enhancing sustainability. This study investigated the influence of RCA sizes and freeze-thaw (F-T) cycles on fatigue lives of recycled aggregate asphalt concrete (RAAC) through laboratory tests. Three RCA size fractions (4.75–9.5 mm, 9.5–13.2 mm, and 13.2–16 mm) underwent Los Angeles abrasion tests to quantify morphological changes, including convexity, axiality coefficient (AC), and roundness. After 800 abrasion rotations, fine RCA showed minimal convexity reduction of approximately 0.4%, whereas coarse RCA exhibited a greater reduction exceeding 1.0%. Semi-circular bend (SCB) fatigue tests revealed that RAAC specimens with finer RCA consistently exhibited better fatigue resistance and higher stiffness modulus retention compared to medium and coarse gradations. Grey correlation analysis indicated a strong correlation between RCA size and fatigue life, with AC identified as the most influential morphological index. Fatigue life predictions using Basquin model demonstrated high accuracy (R2 > 0.90). Furthermore, F-T cycles accelerated damage accumulation and stiffness reduction in RAAC over fatigue loading repetitions. These findings underscore the critical role of RCA particle morphology in enhancing RAAC durability under coupled environmental and mechanical loading conditions.

[image: Los Angeles abrasion test image showing four stages of rock abrasion at 0, 200, 400, and 800 rotations. Includes graphs of angularity indices, stiffness modulus, and fatigue life prediction. Below are illustrations of a rock cylinder being cut into sections, measuring 150 millimeters in diameter and height, then sliced into smaller pieces. The process is labeled as "Morphology → Mechanical → Predictive Analysis."]GRAPHICAL ABSTRACTKeywords: recycled concrete aggregate, asphalt concrete, fatigue life, freeze-thaw cycles, semicircular bend test
1 INTRODUCTION
The volume of construction and demolition waste (CDW) is increasing rapidly, driven by global urbanization and infrastructure development. The effective utilization of CDW has become a critical issue for environmental sustainability. Recycled concrete aggregate (RCA) produced from CDW provides a viable solution for waste management by being beneficially reused in recycled aggregate asphalt concrete (RAAC). However, the mechanical performance and durability of RAAC remain concerns due to the inherent deficiencies of RCA.
RCA exhibits inherent defects such as high porosity, irregular shape and angular texture inherited from the original concrete (Aboutalebi Esfahani, 2020; Zhang et al., 2019). These defects compromise the strength and deformation resistance of RAAC. In particular, the porosity of RCA results in higher water absorption and susceptibility to moisture damage (Silva et al., 2019; Vieira and Pereira, 2015). Additionally, microcracks formed at the asphalt-aggregate interface during the service life of RAAC weaken its resistance to cracking and fatigue failure under repetitive traffic and environmental loads (Wang R. et al., 2020; Zheng et al., 2021). Previous studies have reported reductions in the resilient modulus, fatigue life and resistance to moisture-induced damage of RAAC compared to conventional asphalt concrete (Sahebzamani et al., 2022; Wang B. et al., 2021; Zieliński, 2024). Therefore, improving the mechanical and durability performance of RAAC requires a more detailed understanding of the physical and morphological characteristics of RCA. These attributes critically influence the long-term behavior and structural integrity of the asphalt mixture.
Fatigue failure stands out as a primary factor contributing to asphalt pavement distress, exerting a significant impact on the long-term performance of asphalt pavements (Li N. et al., 2025; Yao and Xu, 2023; Zhao et al., 2025). Subjected to the combined effects of traffic loading and environmental influences, asphalt pavements experience prolonged periods of stress and strain overlap (Liu et al., 2024; Yang et al., 2024; Zhang et al., 2025). This continuous exposure leads to progressive internal damage and deterioration within the asphalt concrete structure, ultimately compromising its overall integrity (Bazoobandi et al., 2023; Sreedhar and Coleri, 2022; Yousefi et al., 2021). Wang S. et al. (2021) investigated the resistance to fatigue of semi-flexible based pavement across varying temperatures and stress levels, with an in-depth analysis of the fatigue cracking mechanisms in the asphalt surface. Another critical issue is the freeze-thaw (F-T) durability of asphalt pavements in cold regions. The composition of RAAC plays a crucial role in determining the performance of asphalt concrete, with a notable discrepancy in the susceptibility of asphalt mixtures containing different recycled aggregates to F-T cycles (Hosseini et al., 2023; Xiao et al., 2023). Notably, the response of coarse and fine recycled aggregates to F-T induced damage in asphalt concrete varies. Yang et al. (2016) conducted experiments to evaluate the impact of F-T cycles on the fracture energy of asphalt mixtures, revealing the damage behavior of recycled asphalt pavement. During F-T cycles, ingress of moisture into the air voids of RAAC generates development and propagation of internal microcracks (Hao et al., 2018; Xia et al., 2024). The repeated expansion and contraction caused by phase changes of water induce damage accumulation and deterioration of the asphalt-aggregate bond (Feng et al., 2010; Kakar et al., 2015). It has been suggested that the higher porosity and heterogeneity of RCA lead to greater F-T susceptibility compared to natural aggregate asphalt concrete (Akbas et al., 2023; Li et al., 2024b; Upshaw and Cai, 2020). However, limited research has systematically evaluated the effects of combined F-T conditioning and fatigue loading representative of field conditions.
The morphological characteristics of aggregates play a crucial role in determining the mechanical properties and stability of asphalt concrete, encompassing factors such as shape, angularity, and surface texture (Arasan et al., 2011; Cui et al., 2018; Wang et al., 2022). Angularity refers to the extent of protrusions on the surface of aggregate particles. Coarse aggregates with pronounced angularity create a dense interlocking structure, enhancing their strength and stability through an increase in the internal friction angle of RAAC (Ding et al., 2017). Aggregate particles with sharp edges facilitate improved surface texture by interlocking, whereas horizontally oriented flat and elongated particles exhibit shallower interlocking depths (Kogbara et al., 2016). Bessa et al. (2015) demonstrated that increased roughness on the aggregate surface enhances particle-to-particle interface bonding within the asphalt mixture, thereby enhancing the fatigue resistance of the asphalt mixture. In the context of coarse aggregates in asphalt concrete, a preference is given to angular and rough shape characteristics to promote stronger mechanical properties (Olard and Perraton, 2010; Radević et al., 2020). The angular nature of aggregates fosters enhanced interlocking among particles, leading to superior mechanical strength (Wang H. et al., 2020). Conversely, flat and elongated aggregates are prone to breakage, weakening the inter-particle bonding and significantly impacting the mechanical properties of asphalt concrete (Gong et al., 2021; Kong et al., 2019). Studies by Liu et al. (2017) evaluated the fatigue resistance of asphalt mixtures with varying coarse aggregate morphologies, revealing that a higher proportion of spherical aggregates and fewer flake-like aggregates effectively mitigated stiffness degradation. These morphological distinctions directly influence the engineering performance of RCA, with the structural and morphological disparities of RCA rendering it more susceptible to breakage under loading conditions compared to natural aggregates (Li et al., 2024a), consequently affecting the fatigue life of RAAC (Li et al., 2023). Although previous studies have investigated the fatigue performance and F-T durability of recycled asphalt mixtures. Nevertheless, existing research predominantly focused on external factors such as moisture, temperature, and loading conditions. Limited attention has been given to the effects of particle wear, size gradation, and F-T cycles on the fatigue behavior of RAAC, particularly in relation to RCA’s evolving morphology during service.
This study contributes a novel perspective to the durability assessment of RAAC by integrating the morphological evolution of RCA with the coupled effects of mechanical fatigue and F-T environmental loading. While earlier research has indicated that finer RCA may enhance asphalt mixture performance, the present work moves beyond this general observation by systematically quantifying RCA morphology changes caused by abrasion. More importantly, it establishes a direct relationship between RCA morphological characteristics and the fatigue life of asphalt concrete under F-T conditions. In addition, a fatigue life prediction model that considers both RCA size and F-T effects is proposed. This approach provides a mechanistic understanding of how geometric properties and environmental stressors jointly influence the long-term structural behavior of asphalt pavements. This study considered RCA size and particle morphology to improve fatigue resistance under combined mechanical and F-T environmental loading. The findings of this research offer critical insights to guide the design and application of recycled materials in sustainable pavement engineering.
2 MATERIALS AND METHODS
2.1 Materials
2.1.1 Asphalt binder
A 70# penetration grade asphalt binder was used in this study. The basic performance tests of the asphalt binder were conducted according to JTG E20-2019 “Standard Test Method of Bitumen and Bituminous Mixtures for Highway Engineering”. Table 1 summarizes the test results and specification limits of the asphalt binder.
TABLE 1 | Properties of 70# asphalt binder.	Test items	Unit	Results	Requirements	Test method
	25°C Needle penetration	0.1 mm	60.5	60–80	JTG E20 T 0604
	Penetration index (PI)	—	−0.64	—	JTG E20 T 0604
	Softening point	°C	49.0	≥44.0	JTG E20 T 0606
	10°C ductility	cm	93.0	≥25.0	JTG E20 T 0605
	15°C density	g/cm3	1.032	—	JTG E20 T 0603


2.1.2 Recycled concrete aggregate
The recycled concrete aggregates (RCA) used in this study were obtained from construction and demolition waste (CDW) processed at a construction site in Changsha, China. The production process of RCA involved primary crushing of CDW, secondary crushing and screening to separate aggregate fractions. The recovered aggregates were then cleaned to produce new RCA.
Figure 1 illustrates the RCA production process from CDW. The CDW was first subjected to primary crushing. It was further crushed and screened into different fractions, followed by washing to obtain the final RCA products.
[image: Flowchart depicting the processing of construction and demolition waste, including waste wood, metal, plastic, soil, and concrete. Processes involve crushers and vibrating screens to produce aggregates of various sizes, impacting sand making, and categorizing materials for recycling. Outcomes include boards, metal recycling, plastic recycling, road backfill, and different sizes of aggregates and powders.]FIGURE 1 | Recovery of CDW and production process of RCA.The gradation curve of the produced RCA is shown in Figure 2. The RCA with different particle sizes were designed to replace natural coarse aggregates in asphalt mixtures. The size ranges of the three replacing RCA were 4.75–9.5 mm, 9.5–13.2 mm and 13.2–16 mm, respectively.
[image: Line graph showing the percentage of passage versus sieve size in millimeters. Three lines represent RCA (solid black), Upper limit (dashed red), and Lower limit (dashed blue). As sieve size increases, all lines show an upward trend in percentage.]FIGURE 2 | The gradation curve of the produced RCA.Table 2 summarizes the basic physical properties of the RCA, including apparent density, crushing value, water absorption, Los Angeles abrasion loss and needle flake content. All properties met the specification limits.
TABLE 2 | Basic physical properties of the RCA.	Items	Tested values	Requirements	Specification
	4.75–9.5 mm	9.5–13.2 mm	13.2–16 mm
	Apparent density (g/cm3)	2.55	2.6	2.66	≥2.25%	JTG E20 T 0328
	Crushing value (%)	16.9	14.8	19.2	≤30.0%	JTG E20 T 0316
	Water absorption (%)	6.2	6.8	4.7	≤8.0%	JTG E20 T 0307
	Los Angeles attrition loss (%)	24.0	24.2	27.7	≤28.0%	JTG E20 T 0317
	Needle flake content (%)	8.8	6.0	8.8	≤10.0%	JTG E20 T 0312


The apparent density of RCA was relatively low compared to natural aggregates, which was attributed to the high porosity resulting from cement mortar attaching on aggregate surfaces. The crushing value (representing aggregate crushing resistance) exceeded the maximum limit of 30% specified in some regions such as Europe, suggesting the aggregates were susceptible to crushing under repeated loading. The water absorption of RCA was about 5–7 times that of natural aggregates due to the porous cement paste on the aggregate surface. Both the crushing value and water absorption could deteriorate the volumetric and mechanical properties of asphalt mixtures.
The high Los Angeles abrasion loss indicated that the aggregates were vulnerable to fragmentation and polished surfaces when subjected to vehicle traffic and environmental conditions. The needle flake content of below 10% met the specification limit. Overall, the test results showed the need to improve the moisture resistance and fracture resistance of RCA through rational particle size selection and mixing process optimization when incorporated in asphalt mixtures.
2.1.3 Mix design of RAAC
By replacing the coarse aggregate with RCA in asphalt concrete, the mix proportions for three RCA components were designed using the Marshall mix design method. For each of the three mixtures, the natural coarse aggregate within the specified size range was fully replaced by 100% RCA. The optimal asphalt content was determined through iterative designs to achieve targets of air voids, voids in mineral aggregate (VMA) and voids filled with asphalt (VFA). Compared to conventional asphalt concrete with natural aggregates, higher asphalt content was required in RAAC to compensate for the higher water absorption and surface flaws of RCA. The high absorption resulted in asphalt coating deficiency on RCA surfaces during the mixing and compaction process. Additional asphalt was thus needed to achieve satisfactory mix workability and volumetrics.
As the RCA size increased from fine to coarse particles, the corresponding optimal asphalt content slightly decreased. This was because the larger RCA particles had lower surface area to volume ratio and were less porous compared to the smaller ones, leading to reduced asphalt demand. Specifically, the determined optimal asphalt binder content was 5.2% for the fine RAAC mixture (4.75–9.5 mm), 5.0% for the medium RAAC mixture (9.5–13.2 mm), and 4.8% for the coarse RAAC mixture (13.2–16 mm). However, all three RAAC mixtures met the specified design criteria. Semi-circular bend (SCB) beam specimens with a diameter of 150 mm and thickness of 50 mm were then prepared from the compacted mixtures for fatigue testing.
2.2 Test design
2.2.1 Los Angeles abrasion test
The Los Angeles abrasion test was conducted to evaluate the change in angularity of RCA from different size fractions under the action of abrasion. RCA of sizes 4.75–9.5 mm, 9.5–13.2 mm, and 13.2–16 mm were subjected to 0, 200, 400, and 800 rotations in the Los Angeles abrasion machine as shown in Figure 3 to generate RCA materials with different levels of angularity.
[image: Abrasion testing machine featuring a large cylindrical abrasion roller and a control panel marked "Abrasion revolution control." The panel includes buttons and a display for managing the roller's operation.]FIGURE 3 | Los Angeles abrasion machine.Figure 4 displays the morphological characteristics of RCA particles from different size fractions after various rotations. Initially at 0 rotations, RCA surfaces were intact with distinct edges and irregular rough textures resulting from the original composite material. With increasing rotations to 200 and 400, surface abrasion occurred as sharp corners gradually smoothed out and particle shapes became more rounded and regular. Significant fragmentation and surface polishing were observed after 800 rotations, exhibiting the transformation of RCA morphology under prolonged abrasional forces.
[image: Los Angeles abrasion test image showing four stages of abrasion on a material sample: Abrasion 0 r, Abrasion 200 r, Abrasion 400 r, and Abrasion 800 r. Each stage shows increasing wear, with arrows indicating progression from left to right.]FIGURE 4 | The morphological characteristics of RCA particles from different size fractions after various rotations.After abrasion, the RCA materials were sieved to obtain single-sized fractions within the given size ranges for further testing. Convexity, axiality coefficient (AC) and roundness were selected as angularity indices to quantify the changes in RCA morphology. Each test was conducted in triplicate to ensure repeatability. For each condition, the average value was calculated from three replicates, and the corresponding standard deviation was used to represent data variability.
Convexity is an important indicator for evaluating the complexity of the RCA surface, as shown in Equation 1. The convexity value reflects the regularity of the RCA particle shape. The closer the convexity value is to 1, the more elliptical the shape. Higher convexity values indicate a more irregular aggregate particle surface with more protrusions.
Convexity=CconvexCellipse(1)
where Cconvex is the convex perimeter of the RCA, and Cellipse is the equivalent elliptical perimeter of the RCA.
The AC reflects the elongation of aggregate particles, defined as the ratio of the lengths of the major axis to the minor axis of the equivalent ellipse, as shown in Equation 2. A higher AC may indicate poorer workability and higher internal friction in the RCA, thereby affecting the performance of asphalt concrete.
AC=DmaxDmin(2)
where Dmax and Dmin are the lengths of the major and minor axes of the equivalent ellipse of the aggregate, respectively.
Roundness is a parameter used to measure the degree to which the shape of RCA particles approximates a circle, as shown in Equation 3.
Roundness=4πAC2(3)
where A and C are the projected area and perimeter of the aggregate, respectively.
2.2.2 Semi-circular bend (SCB) test
The SCB test was performed to evaluate the fatigue resistance of RAAC. Figure 5 illustrates the fabrication of SCB specimens with a diameter of 150 mm and thickness of 50 mm. A Universal Testing Machine (UTM-100) was employed to load the SCB specimens in a three-point bending mode with a loading roller diameter of 1 mm and support roller span of 0.8 times the beam diameter.
[image: Sequential diagram showing the cutting of a cylindrical rock sample. The original cylinder measures 150 mm in height and diameter. It's cut into three equal slices, each 50 mm thick. One slice is further divided into two equal halves, and one half undergoes an incision.]FIGURE 5 | The fabrication of SCB specimens.The stress level, defined as the ratio of applied stress to the maximum tensile stress in the test, is typically employed to simulate the stress state of materials under various loading conditions. In cyclic SCB fatigue testing, three loading levels were established based on the maximum tensile stress (σt): 20%, 30%, and 40% of σt, corresponding to distinct stress levels of 0.2, 0.3, and 0.4 respectively. The maximum tensile stress at the bottom of an SCB specimen was determined using Equation 4. In accordance with the recommended specifications outlined in NCHRP 09–46, the loading rate for fracture tests was set at 50 mm/min. The cyclic SCB fatigue tests employed a half-sine wave loading configuration with a period of 0.1 s per cycle. The loading frequency was maintained at 10 Hz, determined based on typical vehicle speeds ranging from 60 to 120 km/h.
σt=4.976PTD(4)
where P is the vertical load, T is the beam thickness and D is the beam diameter.
Stiffness modulus (St) defined as the slope of the tensile stress-strain curve was used to characterize the damage development in SCB specimens, as shown in Equation 5. Assuming a plane section assumption, the tensile strain (ε) at the beam bottom center was calculated using Equation 6,
St=σtε(5)
ε=6Ld1.14D25.578Ld−1.3697(6)
where L is the distance between two fixed supports and d is the beam deflection at center.
2.2.3 Freeze-thaw test
A F-T test protocol was designed to simulate severe environmental conditioning and accelerate damage accumulation in recycled asphalt concrete. Vacuum-saturated SCB specimens were subjected to freezing at −20°C for 12 h, followed by thawing in a 60°C water bath for 12 h to complete one F-T cycle (JTG E20 2011). The number of cycles applied was 0, 5, 10, 15, and 20 (He and Lu, 2024).
3 RESULTS
3.1 Effect of abrasion rotations on RCA angularity
The evolution of angularity indices for RCA across various size ranges was quantified as a function of abrasion rotations. As shown in Figure 6a, the initial convexity values around 0.99 reflected the irregularity of RCA particle surfaces across all size fractions. With abrasion, the convexity decreased to around 0.98, suggesting a more uniform distribution of surface asperities due to the porous internal structure of RCA. This transformation is primarily driven by surface polishing, edge chipping, and local fragmentation caused by repeated particle-particle and particle-wall impacts within the Los Angeles abrasion drum. Furthermore, larger RCA particles showed greater fragmentation during abrasion, leading to more pronounced changes in convexity. This is attributed to the higher internal porosity and residual cement mortar in coarse RCA, which make them structurally weaker under impact and frictional forces. Conversely, finer RCA particles generally possess higher surface area-to-volume ratios, facilitating more uniform wear distribution.
[image: Three bar graphs illustrating the effects of abrasion rotations on particle properties. Graph (a) shows convexity for sizes 13.2~16 mm, 9.5~13.2 mm, and 4.75~9.5 mm, with convexity decreasing as abrasion increases. Graph (b) displays angularity (AC) for the same sizes, showing a decreasing trend with more abrasion. Graph (c) depicts roundness, with a similar trend of decreasing values as abrasion rotations increase. Each graph includes error bars and uses distinct patterns for different particle size ranges.]FIGURE 6 | The changes in angularity indices of RCA from different size fractions with increasing abrasion rotations: (a) Convexity, (b) AC and (c) Roundness.It is noteworthy that in Figure 6a, coarse RCA particles exhibit temporary fluctuations in convexity at 200 and 400 revolutions. Convexity is defined as the ratio of the convex perimeter (Cconvex) to the equivalent ellipse perimeter (Cellipse), reflecting the boundary irregularity of particles. At intermediate abrasion stages, partial detachment of residual mortar and localized edge fracture may expose new angular features, increasing Cconvex while Cellipse remains relatively stable. This transient rise or fluctuation in convexity reflects the inherent instability of RCA materials during the abrasion process.
As the rotations number increased to 800, the convexity values tended to stabilize, indicating that RCA particles had reached a relatively stable rounded state. The small RCA size fraction exhibited minimal shape alteration during abrasion, reflected by a limited change in convexity values. The cumulative friction and micro-fracturing removed sharp projections and smoothed the surface features, leading to a reduction in angularity.
In terms of AC (Figure 6b), higher initial values were found for larger RCA sizes suggesting an elongated particle geometry. The AC decreased with increasing rotations as edges smoothed out and shapes became rounder. The reduction was more pronounced for coarse RCA that fragmented and deformed to a larger extent under abrasional forces. This evolution suggests that abrasion not only removes surface asperities but also causes larger structural reshaping, especially in coarse RCA. In contrast, the AC of small RCA remained relatively stable as a result of its integrity against abrasion owing to the finer particle scale. Figure 6c presents the variations of roundness with abrasion rotations. Initially, minor discrepancies in roundness existed among different RCA size ranges. After abrasion treatment, the roundness approached 1, indicating well-rounded particle shapes.
Overall, the abrasion mechanism in RCA is governed by a combination of surface polishing, corner breakage, and internal cracking, especially in porous zones, which reduces angularity and enhances shape regularity. The results confirm that abrasion reduces particle angularity, but angular indices eventually stabilize as particles transition to a more equilibrium geometry. In conclusion, fine RCA showed the least shape degradation under abrasion and preserved stable angularity, which is advantageous for asphalt mixture performance. Favorable angularity enhances internal friction and interlocking, ultimately improving structural integrity and load-bearing capacity.
3.2 Fatigue life of RAAC with different RCA sizes and F-T cycles
Figure 7 illustrates the fatigue life of RAAC mixtures containing coarse, medium and fine RCA size, subjected to 0, 5, 10, 15 and 20 F-T cycles under stress levels of 0.2, 0.3 and 0.4. The data points in each bar graph represent the mean fatigue life obtained from three replicates, with error bars indicating one standard deviation. The standard deviations were calculated for each test condition to ensure statistical rigor. In general, the fatigue life decreased with increasing F-T cycles regardless of stress level applied.
[image: Three bar charts labeled (a), (b), and (c) compare fatigue life across different freeze-thaw cycles for coarse, medium, and fine sizes. Chart (a) shows the highest fatigue life, decreasing as cycles increase. Chart (b) and (c) depict a similar trend, with fine size consistently having higher fatigue life. Each chart includes error bars.]FIGURE 7 | The effect of different F-T cycles on the fatigue life of RAAC mixtures with coarse, medium, and fine RCA sizes at stress levels of (a) 0.2, (b) 0.3, and (c) 0.4.At a stress level of 0.2 (Figure 7a), F-T cycling significantly affected the fatigue resistance as failures occurred in a linear manner. The internal damages in RAAC propagated and cracks extended more readily when subjected to alternating environmental and mechanical loadings. The phase change of water to ice in pores during freezing generated substantial expansion pressures, severely damaging the aggregate-binder interfaces.
In addition, increment of freeze depth with successive cycles further accumulated ice in pores, worsening the microcracking state. Thawing induced extra pore expansion/contraction and rearranged pore structure, weakening the samples. It was also observed that at a given stress level and F-T condition, different RCA sizes led to distinct fatigue lives. Specifically, the trend was: Coarse size < Medium size < Fine size.
Fine RCA size RAAC mixture exhibited the highest fatigue resistance attributed to its denser microstructure and strong interlocking between filler and coarse aggregates, effectively mitigating the expansion stresses during freezing. Medium RCA size provided moderate particle sizes and structural integrity, while large RCA particles in the coarse mixture lowered the resistance against F-T damages likely due to higher porosity and weaker bonding.
Furthermore, Figure 7 indicates that F-T cycling gradually flattened the slope of S-N curves, especially for coarse RAAC as its sensitivity to stress levels reduced substantially with F-T deterioration. This phenomenon could be explained by the fact that F-T accelerated fatigue damage accumulation so that applied stresses had limited additional effect on the weakened mixtures.
In summary, RCA size and F-T cycles played a vital role in governing the fatigue life of RAAC. Fine RCA size demonstrated optimal resistance against F-T hazards and fatigue failures compared to other sizes.
3.3 Stiffness modulus of RAAC under F-T cycles
Figure 8 illustrates the change of RAAC stiffness modulus with the increase of fatigue load cycles under different F-T conditions. Regardless of stress level, RCA size or F-T cycle times, the stiffness modulus steadily decreased as cracking and damage developed within RAAC beams. A three-stage evolution pattern was exhibited, including abrupt change, balance and failure stages.
[image: Nine line graphs showing stiffness modulus (MPa) against cyclic loading times for different stress levels: 0.2, 0.3, and 0.4. Each stress level has three graphs with various conditions: FT-0, FT-5, FT-10, FT-15, and XFT-20. Graphs showcase how stiffness decreases with increased loading times across all conditions.]FIGURE 8 | Variation of the stiffness modulus of RAAC with coarse (a), medium (b), and fine (c) RCA sizes under different F-T cycles as a function of fatigue loading cycles.In the initial stage, fatigue loading rapidly reduced the stiffness due to the formation and propagation of critical cracks. This was attributed to stress concentration at flaws and openings in RAAC. As cracking stabilized through stress redistribution in the samples, the modulus dropped at a steady slow pace during the balance period.
When internal damages accumulated to a critical level, a second sharp decrease occurred until complete failure. As shown in Figure 8a, coarse RCA size mixture presented the most precipitous stiffness loss compared to the medium (Figure 8b) and fine mixtures (Figure 8c). Its higher porosity facilitated moisture ingress and exacerbated expansion stresses during F-T, leading to faster cracking propagation and structural deterioration.
F-T cycles accelerated the reduction of stiffness modulus for all RAAC mixtures. Exposure to alternating freezing and thawing induced cumulative microcrack growth inside the samples by pore pressure effects. Moreover, F-T exacerbated fatigue damage development under cyclic loading, shortening the lifespan before structural instability.
Among the different RCA sizes at equivalent stress levels and F-T conditions, fine RCA size mixture exhibited the highest modulus retention capacity, followed by medium then coarse size. The trend could be attributed to the more compact microstructure and improved interfacial bonding achievable with decreasing particle sizes. In particular, smaller RCA enabled better pore amelioration and reduced damage sensitivity against environmental conditioning.
In summary, RAAC stiffness drastically reduced as a function of both fatigue cycles and F-T exposures. However, rational RCA size for replacement could enhance the resistance of recycled mixtures against coupled fatigue-environmental damages.
4 DISCUSSION
4.1 Evaluation of angularity indices response to fatigue life
To further assess the relative importance of morphological and environmental parameters on fatigue performance, a gray correlation analysis (GCA) was performed on our test results. The influencing factors include RCA size (coarse, medium and fine), convexity, AC, roundness and number of F-T cycles. Fatigue life was considered as a reference sequence. A gray correlation coefficient of more than 0.6 was defined as a strong correlation, while between 0.4 and 0.6 was a moderate correlation. Table 3 summarizes the results of the correlation analysis between the influencing factors and fatigue life.
TABLE 3 | Grey correlation analysis results between influence factors and fatigue life.	Influence factor	Grey correlation coefficient	Degree of correlation
	RCA sizes	0.604	Strong correlation
	Convexity	0.571	Moderate correlation
	AC	0.574	Moderate correlation
	Roundness	0.526	Moderate correlation
	Number of F-T cycles	0.566	Moderate correlation


The correlation results showed that RCA sizes exhibited a strong correlation, and angularity indices and the number of F-T cycles exhibited a moderate correlation. The effect of roundness is the least among them. RCA sizes inherently affect multiple aspects of the asphalt concrete’s internal structure, including aggregate packing density, void content, and interfacial bonding area. Finer RCA promotes a denser microstructure and better filler-binder integration, reducing crack initiation points and enhancing fatigue resistance. Conversely, coarse RCA often leads to weaker interfacial zones and higher porosity, increasing susceptibility to environmental and mechanical deterioration.
Among the three angularity indices, AC demonstrated the highest grey relational grade. This is reasonable because AC reflects particle elongation or anisotropy, which plays a crucial role in load transfer and inter-particle interlock. Elongated particles may enhance frictional contact, limit relative movement, and improve resistance to fatigue crack propagation. Moreover, the beneficial effect of high AC may be more pronounced under F-T cycle damage conditions, where interfacial degradation reduces chemical bonding and mechanical interlock becomes a more dominant factor in maintaining structural integrity.
4.2 Fatigue life prediction of RAAC
The fatigue life of RAAC was greatly influenced by RCA size and F-T cycles. Three fatigue life prediction models, namely, the Basquin model, the S-logN model, and the Exponential model, were used for comparative analysis. The results are shown in Table 4 and Figure 9. The Basquin model showed high fitting accuracy under all conditions, with most R2 values exceeding 0.99. This indicates strong predictive performance. Although the S-logN and Exponential models also performed well in some cases, their overall R2 values were lower, especially at early F-T cycles. As the number of F–T cycles increased, the differences among the models became smaller. However, the Basquin model still maintained a clear advantage.
TABLE 4 | Comparison of R2 values for three fatigue life prediction models.	Number of F-T cycles	RCA sizes	R2
	Basquin	S-logN	Exponential
	0	Coarse	0.9959	0.9679	0.9904
	Medium	0.9966	0.9699	0.9911
	Fine	0.9994	0.9815	0.9962
	5	Coarse	0.9922	0.9638	0.9857
	Medium	0.9952	0.9682	0.9876
	Fine	0.9954	0.9683	0.9881
	10	Coarse	0.9915	0.9624	0.9829
	Medium	0.9977	0.9759	0.9908
	Fine	0.9976	0.9743	0.9917
	15	Coarse	0.9847	0.9560	0.9730
	Medium	0.9980	0.9773	0.9910
	Fine	0.9973	0.9741	0.9907
	20	Coarse	0.9998	0.9879	0.9944
	Medium	0.9970	0.9999	0.9999
	Fine	0.9997	0.9960	0.9988


[image: Three graphs display the relationship between \( N_f \) and \( \sigma \) for different size categories: (a) Coarse size, (b) Medium size, and (c) Fine size. Each graph compares S-logN and Exponential models with symbols representing FT-0 through FT-20. The curves show a decreasing trend as \( \sigma \) increases from 0.2 to 0.4.]FIGURE 9 | Fitted curves of fatigue life and stress level based on S-logN model and exponential model under different F-T cycles: (a) coarse size; (b) medium size, and (c) fine size.Therefore, the effects of the parameters are discussed further for the Basquin model. Figure 10 shows the fitting curves of fatigue life versus stress level for various RCA size gradations under different F-T conditions, based on the experimental data.
[image: Six graphs display relationships between \( N_f \) and \( \sigma \), \( \log N_f \) and \( \log \sigma \) for coarse, medium, and fine sizes. Each graph compares curves for FT-0, FT-5, FT-10, FT-15, and FT-20 with corresponding \( R^2 \) values, showing data trends and model fits for different conditions.]FIGURE 10 | Fitted curves of fatigue life and stress levels for mixtures with different RCA sizes under different F-T cycles: (a) nonlinear curves; (b) linear curves.Consistently across gradations, RAAC fatigue life decreased with increasing stress levels, consistent with Basquin’s equation. Higher stress levels accelerated crack initiation and propagation, thereby shortening fatigue life. Moreover, F-T cycling contributed to progressive degradation, as evidenced by the general downward shift of fitting curves. Contrary to initial expectations, the fitted Basquin parameter n tended to increase with the number of F-T cycles, indicating that fatigue life became more sensitive to stress levels as the material accumulated microstructural damage. This increasing sensitivity was especially noticeable in coarse RAAC mixture.
The fatigue parameters k and n were estimated through nonlinear regression and summarized in Table 5, where the associated root mean square error (RMSE) and mean absolute error (MAE) values are also reported to quantify the accuracy of the fitted models. To evaluate the generalization capability of the fatigue life prediction model, both leave-one-out cross-validation (LOOCV) and five-fold cross-validation were performed based on the log–log regression between stress ratio and fatigue life. The average relative prediction error was 4.13% and 4.14%, respectively, indicating high model robustness and predictive reliability across all RCA gradations and F-T conditions.
TABLE 5 | Fitted parameters and evaluation metrics for the fatigue life prediction model.	Number of F-T cycles	RCA sizes	The fatigue parameters	R2	RMSE	MAE
	Lg k	n
	0	Coarse	1.949	2.395	0.9681	0.0722	0.0677
	Medium	2.113	2.732	0.9756	0.0622	0.0583
	Fine	2.110	2.850	0.9961	0.0260	0.2044
	5	Coarse	1.943	2.711	0.9326	0.1048	0.0983
	Medium	2.099	2.793	0.9726	0.0602	0.0565
	Fine	2.021	2.894	0.9723	0.0616	0.0578
	10	Coarse	1.926	2.909	0.9444	0.0872	0.0818
	Medium	2.051	2.834	0.9892	0.0360	0.0337
	Fine	2.015	2.950	0.9865	0.0434	0.0407
	15	Coarse	1.892	3.156	0.9065	0.1075	0.1009
	Medium	2.031	2.904	0.9912	0.0319	0.0299
	Fine	1.998	3.001	0.9862	0.0422	0.0396
	20	Coarse	1.865	3.222	0.9993	0.0076	0.0072
	Medium	1.819	3.186	0.9908	0.0337	0.0316
	Fine	1.905	3.365	0.9987	0.0125	0.0117


Parameter k represents the inherent fatigue resistance (higher k values indicate longer fatigue life), whereas n reflects the sensitivity of fatigue life to stress variation (a higher n value signifies stronger stress dependency). As the number of F-T cycles increased, lgk generally decreased, reflecting the material’s weakening resistance to repeated loading. Simultaneously, n values increased, demonstrating that stress effects became more dominant in governing fatigue performance under deteriorated conditions. It is evident that both k and n were affected significantly by F-T cycling. For all RCA sizes, the k value generally decreased with increasing F-T cycles from 0 to 20, indicating fatigue resistance reduction. Meanwhile, the n value exhibited an increasing trend, suggesting higher stress responsiveness of RAAC weakened by cyclic environmental damage. This was in line with the flattened S-N curves under more extensive F-T conditioning shown in Figure 9a. Furthermore, at equivalent F-T conditions, fine RCA size mixture achieved the highest k and lowest n amongst the three sizes, inferring its superior resistance against coupled fatigue-environmental effects compared to other sizes. In summary, the fatigue model reasonably characterized the influence of RCA properties and F-T cycles on RAAC durability. Rational size governed the changes of predictive parameters and material performance.
4.3 Fracture mechanics perspective on SCB fatigue performance
F-T cycling accelerates fatigue damage in RAAC by promoting early crack development and reducing the mixture’s ability to resist fracture. Each F-T cycle introduces micro-cracks and weakens the asphalt–aggregate bond, so less energy is required for a crack to initiate and grow under repeated loading. From a fracture mechanics standpoint, this manifests as a reduction in fracture toughness or fracture energy after conditioning – the material cannot absorb as much strain energy before crack propagation occurs (Launey and Ritchie, 2009). F-T damage causes earlier micro-crack formation, faster macro-crack growth, and premature asphalt–aggregate debonding in asphalt mixtures (Haghighatpour and Aliha, 2023). In terms of energy dissipation, a damaged RAAC specimen will dissipate energy more rapidly through crack extension rather than elastic deformation, which means the critical strain energy release rate is reached in fewer cycles (Li X. et al., 2024). Consequently, the SCB fatigue performance of RAAC drops after F-T exposure because the material’s fracture energy threshold has been lowered by internal damage.
The inclusion of recycled concrete aggregates intensifies these fracture effects due to the distinct morphology and interfacial structure of RCA (Zhang et al., 2023). RCA particles are more porous and often carry residual cement mortar, which creates a weaker interfacial transition zone with the asphalt mastic (Huang et al., 2021; Li M. et al., 2025). Cracks tend to initiate at these flawed interfaces or within the porous RCA itself, rather than through intact binder or strong natural aggregates. This means that less external energy is needed to drive crack growth in RAAC – a significant portion of the fracture process is accommodated by debonding at the RCA mastic interface (Kazemian et al., 2019; Xiao et al., 2022). Recent fracture tests confirm that cracks in RAAC preferentially follow the asphalt-RCA interface, indicating that this is the path of least resistance (Hu et al., 2024). As RCA content increases, the total fracture energy of the mix declines markedly because more crack-prone zones are introduced. In fact, high RCA mixtures (e.g., >50% replacement) exhibit significantly lower SCB fracture resistance, reflecting the dominance of weak RCA interfaces in energy absorption and crack propagation (Hu et al., 2024; Kou et al., 2025). These weaknesses are further exacerbated under F-T conditions. This is mainly due to the fact that water can infiltrate the porous RCA and expand during freezing, widening interfacial transition zone (ITZ) micro-cracks and eroding the asphalt-RCA bond (Ren et al., 2022). The result is a compounding effect in which RAAC after F-T has both a inherently weaker crack-resistant skeleton (due to RCA) and additional micro-fractures from thermal cycling. Thus, when subjected to cyclic bending loads, a F-T damaged RAAC specimen dissipates energy quickly through interfacial cracking and shows accelerated fatigue failure.
In summary, the SCB fatigue life of RAAC is governed by its fracture mechanics–lower fracture toughness in the RCA-modified, F-T leads to easier crack initiation and faster crack growth, explaining the observed reduction in fatigue performance from an energy-based perspective.
5 CONCLUSION
This study investigated the influence of recycled concrete aggregate and freeze-thaw (F-T) cycles on the fatigue performance of recycled asphalt concrete. The following conclusions can be drawn:
	(a) Los Angeles abrasion tests revealed that finer RCA fractions underwent less morphological transformation and maintained relatively stable angularity during abrasion. Convexity decreased gradually with increasing abrasion rotations, while axiality coefficient (AC) and roundness stabilized for all RCA size fractions, indicating a balanced morphological evolution.
	(b) Semi-circular bend (SCB) tests showed that RCA size and the number of F-T cycles significantly affected RAAC mixtures’ fatigue performance. Under equivalent stress levels and environmental conditions, the trend of fatigue followed the order of coarse size replacement < medium size replacement < fine size replacement.
	(c) F-T cycling accelerated damage accumulation in RAAC, demonstrated by reductions in fatigue life and stiffness modulus with increasing cycle numbers. Mixtures incorporating fine RCA exhibited the greatest resistance to F-T-induced deterioration, followed by medium and coarse RCA mixtures, respectively. Grey correlation analysis further indicated a strong correlation between RCA size and fatigue life, while the AC exhibited a moderate correlation, being the more influential morphological index among those analyzed.
	(d) A three-stage evolution pattern of stiffness change with fatigue loading comprised an initial abrupt drop, subsequent balanced decline and final failure phase. The presence of F-T cycles significantly exacerbated stiffness degradation. Rational RCA size effectively improved resistance against F-T impacts and retarded structural deterioration.
	(e) The fatigue model reasonably predicted the performance through fitting parameters (R2 > 0.90). Both k and n were sensitive to F-T conditioning, while fine size RCA mixture achieved the highest k and lowest n, suggesting optimal fatigue-environmental resistance amongst the sizes.

In summary, this study established that RCA size selection and F-T cycling significantly influence RAAC fatigue performance. Optimal RCA morphological properties can enhance RAAC durability under combined environmental and mechanical stresses. These findings provide critical insights and guidance for the design and structural evaluation of sustainable asphalt mixtures containing recycled aggregates.
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Material composition Percentage (%) of mass passing through the following sieve holes (mm)

17 data: 2° data: 3 data/4” data: mineral powder s 26.5 19 ‘ 16 132 93 475 236 118 0.6 03 0.15 0.075

Synthetic grade 100 ‘ 100 | 100 ‘ 100 | 928 | 615 | 287 | 250 | 194 | 131 | 85 | 64 52
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Percentage (%) of mass passing through the following sieve holes (mm)

19, 16 132 9}5) 4.75 2.36 118 0.6 0.3

Diabase 100.0 100.0 1000 100.0 100.0 100.0 1000 80.9 53.9 36.3 227 163 112
3* fine
aggregate
(0-5)
mm

Limestone | 100.0 1000 | 1000 1000 | 1000 | 1000 | 1000 844 593 108 267 210 172
4 fine
aggregate
(0-5)
mm

Mineral 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 98.0
powder
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Water absorption (%)

Apparent relative density

Gross volume relative density

Diabase fine aggregate (geology) = 3012
3#(0~5)mm

Limestone mechanized sand - 2.699
4#(0~5)mm

Mineral powder (0~0.6)mm - 2.707

Technical requirement - 2250

2971

2672

Note: In this target proportion design, the gross bulk relative density of 3 and 4* fine aggregates is replaced by the gross bulk relative density of their sieved (2.36-4.75) mm portion.
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Percentage (%) of mass passing through the following sieve holes (mm)

i) 16 1512 915} 475 | 236 | 118 0.6 0.3 0.15

Diabase 1000 100.0 1000 98 803 149 02 02 02 02 02 02 02
1 coarse
aggregate

(10-15) mm

Diabase 1000 100.0 100.0 1000 100.0 95.5 29 12 12 12 12 12 12
2* coarse

aggregate
(5-10) mm
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Water absorption (%) Apparent relative density Gross volume relative density

1# Coarse aggregate (10-15) mm 027 3.040 3016
2# Coarse aggregate (5-10) mm 031 3.054 3025

Technical requirement <30 2250 -
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Performance 180°C Brinell Softening Elongation Needle Elasticity REENIE

indicator viscosity/Pa-s point/°C (5°C, penetration recovery/% density
5 cm/min)/cm at
25°C/0.1 mm

267 73.0 ‘ 85 ‘ 40 85 1.044






OPS/images/fmats-12-1495219/fmats-12-1495219-g008.gif
E

o tnaone 0 e -

e of o iens imos}





OPS/images/fmats-11-1363474/fmats-11-1363474-t005.jpg
Penetration/0.1 mm

20°C
90 383 922 137.1 0.999 0507 50.50 -25.61
TS1 323 79.2 124.0 0.997 0.186 50.67 -21.92
TS2 299 74.0 116.0 0.999 0.118 5130 ~20.55
TS3 279 70.4 1100 0.999 0.033 5159 -19.36
TS4 255 66.0 104.0 0.999 -0.131 51.64 -17.56
TS5 241 60.2 100.0 0.999 -0.163 5217 -16.70
TS02 380 916 136.1 0.997 0507 50.60 -25.52
TS04 374 88.6 134.0 0.999 0507 5093 -25.40
TS06 36.3 84.1 130.1 0.999 0526 5142 -25.10
TS0.8 350 788 126.3 0.999 0.544 5193 -24.59
TS1 321 76.0 1138 0.997 0544 52.89 -23.85
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Asphalt type

CED(J/em®) ‘ 324 321 340 352 345 354
8 (Jlem®)'2 l 18.00 17.92 18.44 1877 18.57 1881
A8 (Jlem®) ‘ —_ 0077 0443 —_— 0203 0042
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Indicator

90 Test data Technical requirements
Penetration (25°C,5%,100 g) 0.1 mm 96.9 922 80-100
Penetration indexP1 - 03692 05079 -15-10
Softening point (TR&B) °c 536 675 245
Ductility (10°C) m 1231 >150 220
Ductility (15°C) m 1317 >150 2100
Density (g/em®) 0.981 1.024 Measurement records
After TFOT (5 h,163°C)
Mass loss % -0.181 -0359 08
Residual penetration ratio % 57.0 643 257
Residual Ductility (10°C) a 275 >150 28
Residual Ductility (15°C) m 65.9 >150 220
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WMA additive Content (% by weight) Preparation process Karamay asphalt ID Tahe asphalt ID

Sasobit 19%, 2%, 3%, 4%, and 5% ‘ Sheared for 20 min (160°C, 3000 rpm) KS1, KS2, KS3, KS4, KS5 TS1, TS2, TS3, T$4, TS5

Evotherm 0.2%.0.4%.0.6%,0,8%.andl%‘ Sheared for 10 min (160°C, 600 rpm) KEO.2, KE0.4, KEO.6,KE0.8 KE1 | TEO.2, TEO4, TE0.6, TE0.8, TEL
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Functional group Area of peak between

(cm™)
Asymmetrical stretching -CH,- 2936-2916
Symmetrical stretching of -CH, - 2863-2843
C=C stretch in aromatics 1642-1547
C-H asymmetric deform in CH, or 1490-1430
CH,
C-H symmetric deform in CH, 1385-1365
= C-H bending vibration of 900-800,830-800
benzene ring
C-Histretching in CH, or CH, 764-650
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Penetration/0.1 mm

20°C
K90 336 96.9 141.6 0.997 -0.369 47.32 -19.44
KS1 290 79.9 135.3 0.999 ~0.699 47.38 ~16.07
Ks2 269 77.9 1282 0.999 -0.811 47.49 ~14.84
KK3 259 75.9 1246 0.999 -0.867 47.53 -14.26
KS4 221 67.9 114.0 0.999 -1.137 47.61 -11.32
KS5 202 65.6 110.0 0.997 -0345 4927 -7.89
KE0.2 30.1 79.5 1220 0.999 -0.131 49.81 -19.40
KE0.4 282 75.6 110.0 0.997 -0.016 5113 -19.29
KE0.6 27.0 716 105.8 0.999 0.016 5175 -19.02
KE0.8 26.1 69.5 101.0 0.998 0.050 5224 -18.88
KEL 251 64.4 96.0 0.999 0.152 5335 -18.87
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Type of substance Surface Dispersive Polar Adhesion
energy/(mJd/m2) component/(mJ/m2)  component/(mJ/m2) AGsb/(mJ/m2)
Rubberized asphalt 1727 9.98 729 -
Diabase 117.06 723 10983 -1635
Limestone 115.62 3026 8536 -1740
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Typology

Disbase 1

Disbase2

Limestone |

Limestone 2

Sapphire  Potassium  Plagioclase
feldspar (rock-

forming

mineral,

type of

feldspar)

atz Kfs Ab

Whole rock mineral content/%

Limonite ~ Dolomite ~ Dolomite Calcite Pyrite  Loam  Amphibole  Diabase
(CaCO; as (silicate (family of
rock- rock- rock-
forming forming forming
mineral) mineral) minerals)
Sid Ank Dol Cal Py Clays Tm Px
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Cut
150 mm

Incision

150 mm
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control
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Percentage of passage (%)

100

60

40
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Plastic recycling
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Vibrating screen

Coarse aggregate Fine aggregate Powder
~31. (£5mm)
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(Of cargo, Pendulum value/BPN Depth of construction/mm
etc) load

ordinal  Limestone- Limestone- Limestone- Average  Diabase-1 Diabase-2 Diabase-3 Average ~Limestone- Limestone- Limestone- Average Diabase-1 Diabase-2 Diabase-3 Average
number 1 2 value value 1 2 3 value value
o s w0 59 s i s o @ 120 1056 ro77 L5 Lo s 156
0 @2 a7 1 ws 1 585 553 0979 0755 oses 056 1 s
50 57 567 560 san B se6 553 563 0957 073 osne 037 19 0% 157
1000 sis sis 515 si6 s s s 58 o9 0726 0519 osos us s ose 1059
3000 23 03 525 517 57 s sus 29 st 06 0s7i o | oo o | 0w 099
so0 s 03 505 504 sis 55 94 519 0759 i o3 oes | owr | oss | oo os2
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Specimen Uniaxial penetration
number strength/Mpa
Diabase Limestone
i 1.478 1.86
2 1.605 1924
4
3 1.608 1923
Average value 1564 1902
1 2052 2.994
) 1872 2544
8
3 189 2854
Average value 1938 2797
i 2771 2904
2 2343 2,688
12
3 2331 2629
Average value 2482 2740
1 2.662 3.004
2 2726 2911
18
3 2337 2934
Average value 2575 2.980
1 2624 2892
2 2675 2955
4
3 2535 2.986
Average value 2611 2944
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Gradation type Test piece Deformation/mm DS/(times/mm)
Serial number

45 min 60 min Single-valued (math.) Average value

1 0863 0927 9,844

Diabase ARAC-13 2 0908 0.983 8,400 10,120
3 1163 1215 12,115
1 1588 1667 7,975

Limestone ARAC-13 2 1088 1.148 10,500 10,047
S 1.065 L119 11,667

Technical requirement 23,000
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Gradation type Unconditional Prerequisite Freeze—thaw

split tensile
RT1 without Void ratio Freeze-thaw Void ratio strength ratio
freeze—thaw 1% cycle RT2 1% 1%
cycles /MPa
/MPa

Diabase ARAC-13 ‘

Limestone ARAC-13 ‘

Technical requirement
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Gradation type Unconditional Prerequisite Residual stability

MSO
Marshall stability Void ratio Immersion Void ratio 1%
Ms 1% Marshall stability 1%
/kN Ms1
/kN

Diabase ARAC-13 ‘

Limestone ARAC-13 ‘

Technical requirement
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Fine aggregate Void ratio/%

Typology
150°C 155°C 160°C 165°C 170°C 175:C 180°C

Limestone 53 49 4.6 42 — — ‘ —

Diabase — - — 55 5.1 ‘ 47 ‘ 43 ‘
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Gradation Dynamic LETSEN Voids filled Void ratio (%) Immersion Freeze-thaw

stability stability (kN) with asphalt Marshall splitting
(times/mm) (VA] stability (%) tensile
strength ratio
(%)
1 1 0.826 0649 0.983 1 0.987
2 0.444 0.833 0430 0931 0.908 0.882
3¢ 0.500 0.590 0013 0 0782 0701
4 0.889 0.583 0934 0.897 0784 0.864
5¢ 0.800 0.896 | 0629 0.966 0783 1

6 0381 0.563 0503 0431 0820 0945
7# 0.889 0799 0192 0.828 0.880 0.996
8¢ 0333 1.000 0 0.741 0703 0929
9¢ 1 0.590 0576 0.466 0819 0962






OPS/images/fmats-11-1346754/fmats-11-1346754-g002.gif





OPS/images/fmats-11-1423835/fmats-11-1423835-t007.jpg
Target layer Standard layer Weight Index layer Weight Hierarchical total ranking weight

N, 0383 0172
M, 0.450 N, 0321 0.145
N, 0296 0133

L i L B
N, 0383 0211
M, 0.550 N, 0308 0.169
Nq 0308 0.169
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Gradation  Coarse Fine Oil-stone Dynamic Marshall Voids Void Immersion  Freeze—thaw

aggregate aggregate ratio stability  stability ~filled ratio residual splitting
level [EE (VA] (times/ (kN) with (VA stability (%) tensile
mm) asphalt strength ratio
(%) (%)
1# P, Q 53 7,875 119 67.8 46 1242 10298
2 P, Q . 53 ‘ 3,500 120 v 711 . 41 1128 92.06
3# P, Q . 53 3,938 85 476 103 97.1 7316
4 P, Q 53 7,000 84 635 51 97.4 90.17
st P, Q 53 6,300 129 68.1 47 ‘ 97.2 ) 10436
6t P, Q . 53 3,000 8.1 . 55.0 . 78 . 1019 98.59
7 Py Q 53 7,000 115 747 35 1093 103.98
8¢ P, Q 53 2,625 144 77.6 30 87.3 96.96
9% P, Q . 53 7,875 85 56.1 . 76 1017 1004
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Gradation Percentage passing of each sieve (%)

9 5] 4.75 2.36 118 0.

1# 1000 926 85.4 74.4 58.7 411 288 226 175 123 82 4.6
2 1000 926 85.0 733 56.6 413 319 273 219 151 9.7 5.1
3 1000 925 85.4 74.4 58.8 406 248 164 17 86 62 38
a# 1000 948 88.3 782 63.8 413 281 220 17.0 120 8.1 45
5¢ 1000 95.3 88.6 78.1 63.1 416 317 276 ' 223 154 9.9 53
6# 1000 952 89.9 79.0 64.9 40.7 244 164 ‘ 1.8 86 62 37
7# 1000 899 82.0 70.0 53.0 413 290 219 167 119 8.1 4.6
8# 1000 89.9 81.6 69.1 513 414 321 268 214 150 99 54
9% 1000 899 822 70.7 54.4 41.0 254 164 115 85 62 38
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Level Percentage passing of each sieve (%)

Coarse aggregate Fine aggregate

26.5 19 16 13.2 9.5 475 2.36 118 0.6 0.3 0.15 0.075
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Technicalindex = Unit Standard value Test val
Crushing value of the % <28 10.69
coarse aggregate
LA abrasion value of the % <30 14.94

coarse aggregate

Relative density of — — 2686
19-26.5 mm andesite

Relative density of - - 2.659
9.5-19 mm andesite

Relative density of - - 2626
2.36-4.75 mm andesite

Relative density of — — 2739
0-2.36 mm andesite

Adhesion between Level - 3
asphalt and aggregate
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Asphalt Dosage of the Aging condition

type modifier

SBS 5.5% SBS

SR i 39:;;5:8% 40:’”:; Original, RTFO, 20 h PAY, 40 h
esulfurized crumb rubber P HRAY

SR2 5.5% SBS+18% 40 mesh

desulfurized crumb rubber
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Scale value Definition
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R,sC, 767 668 53.0 101 429 683
RysCy 768 662 470 078 417 677
SiRys 88.0 6.0 342 351 474 504
SiRysCy 90.1 430 332 409 47.0 490
SiR;5C; 9.6 420 310 381 462 483
SiR;5Cy 906 410 27.1 308 453 472
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Peak position/cm™ Functional groups and

vibrational types

3,400 Stretching vibration of -OH

2,920 Antisymmetric stretching vibration of -CH,-

2,850 Symmetric stretching vibration of -CH,-

1,600 Conjugated double bond (benzene ring
backbone vibration)

1455 -C-H stretching vibration in CH, (variable

angle vibration)
1,375 C-H surface stretching vibration (bending

vibration) in -CH,-

1,032 Sulfinyl group -5=0

966 ‘ Polybutadiene segment -C=C-

813 C-H out-of-plane bending vibration on the
benzene ring

699 C-H vibration on the benzene ring of the

polystyrene segment
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Asphalt binder

BA Base asphalt binder
S, 3 wt% SBS
$,C, 3% SBS + 1 wt% CIPR
565 3 W% SBS +2 wt% CIPR
$,Cy 3% SBS + 3 wt% COPR
R 15 wi% CR
RyCy 15wt% CR + 1 wt% COPR
Ry;C, 15Wt% CR + 2 wt% COPR
RyCy 15 wt% CR + 3 wt% COPR
SiRys 3wt% SBS + 15 wi% CR
SiRsC, 3 wi% SBS + 15 wt% CR + 1 wt% CIPR
SiR;sCy 3 wi% SBS + 15 wt% CR + 2 wt% CIPR

S3RisCy

3 % SBS + 15 wt% CR + 3 wt% C9PR
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(4) Segment model for 3D printing

(B) Segment model printing results
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(A) Average creep recovery rate and sress senstvity (B) Nom-recoverable creep compliance and
stress sensitivity
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1 Add NaHCO, and 2 Add AGNO; dropwise
adjust the pH until the solution turms.

brick red.
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%binder wtofagg (Kg)  wtofbinder  BFT (um)

(Kg)
25 1158 0.042 12.493
4 1152 0.048 14.278
4.5 1.146 0.054 16.063
- 1.140 0.060 17.847
43 1.148 0.052 15.468
4.4 1.147 0.053 15.765
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Particle size (mm %Passing"SAf Gb

19 041 1 041 35 1.027 1,027 1022878
125 041 0825 033825 4 1.027 1,027 1175092
95 041 07 0287 45 1027 1,027 13.28900
475 041 05 0205 5 1.027 1,027 14.84327
236 0.82 03 0.246 43 1.027 1,027 1267184
118 1.64 0.1 0.164 44 1.027 1,027 12.98010

0075 3277 0055 1.80235

SSAf = 3.4526 (m*/Kg)
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35 231 252 8.04 1413 43.13
4 232 246 592 1444 59.01
45 234 245 3.88 13.88 7202
5 240 244 1.94 12.07 83.93
55 241 244 110 12.08 90.90
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Unit Wt (mg/cm?®) Stability (KN) Flow (mm)

35 232 249 232 6.83 142 50.9 10 25
4 235 247 235 4.86 135 ‘ 63.3 119 27
45 237 246 237 3.66 1295 ‘ 71 127 3
5 238 245 238 2.86 132 78 119 34
55 239 242 239 259 136 82 9 4
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Asphalt mi m
AC 458 x 10° 0944 -059% 20
246% 10 | 079 | -0.585 0
367X 10% | 0773 | 0570 40
» SMA 654x 107 | 0937 | -0592 20
333% 107 | 0862 | 0587 30
145 x 107 0.792 -0.577 40
GA 745%10°° | 1352 0646 20
188 x 102 134 0629 40

Note:hs i niane dhe coeep paranisters of the:mateiial: rdated 1o temperature And stress:
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Ground contact pressure (MPa) Load time (s) Cumulative load time (s)

‘ 07 0.00804 4,020
‘ 09 0.00625 3,125

‘ L1 0.00512 2,560
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Materials AC SMA EA GA Concrete
“Thermal conductance (J/m-h-C) 5400 6,573 5,551 4,680 6,264
Density (kg/m’) 2,400 2,400 2,400 2,300 2,500
Thermal capacity (J/kg-"C) 920 1,168 946 942 970
Absorption factor of solar radiation 090
081

Surface emissivity of pavement
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Stefan-Boltzmann constant (J/h-m*K*) 204 x 107

Absolute zero (‘C) 273

Daily-mean wind speed (m/s) 35 ‘

Daily-mean sunshine duration (h) 82
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Material T(Q Elastic modulus (MPa) Poisson’s ratio near expansion coefficient
-10 2,800
0 2,000
AC 10 900 035 25x10°
20 570
0 250
-10 2,600
0 1,900
SMA 10 1,200 035 30% 107
20 870
40 554
-10 6490 |
0 3,950
EA 10 2,300 02 174 x 10°
20 950
40 390
-10 2,590
15 710
GA 02 204 x 10
2 320
40 100
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) Time of day ad time (s) Time of day oad time (s)
4127 8:00~9:00 115.55 ~17:00 363.16
3302 9:00-10:00 18158 17:00~18:00 31364
200-3:00 2971 10:00~11:00 23110 18:00~19:00 280.62
3:00-4:00 1650 11:00~12:00 297.13 19:00-20:00 198.09
400-5:00 2362 12:00~13:00 31364 20:00-21:00 165.07
5:00-6:00 3301 13:00~14:00 264.11 21:00-22:00 148.56
600-7:00 4622 14:00~15:00 297.13 22:00-23:00 115.55
7:00-8:00 8253 15:00~16:00 34665 23:00-24:00 8253
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Component

Main cable ‘ 03266 0 0 0 20 x 10° 7,850

Hanger 000475 0 0 | 0 20 % 10° 7,850

» Main beam 7 156 821 | 192.1 302 21 % 10° 7,850
Cable tower ‘ 38172 568.448 442210 [ 284638 345 x 10° 2,600

Note: A-cross-sectional area, Jo-torsional moment inertia, I,-moment of inertia for transverse bending, I,-vertical bending moment of inertia, E-elastic modulus, p-density.
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Surface area factor (m2/Kg)

19 34 041
125 12 041
9.5 3/8 041
475 #4 041
236 #8 0.82
118 #16 1.64

0075 #200 3277
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Test descriptiol Specification reference  Result

Penetration Test @ 25 (°C) AASHTO T 49-03 64
Flash Point (°C) ASTM D 3143/D 3143M-13 268
Fire Point (°C) ASTM D 3143/D 3143M-13 293
Specific Gravity ASTMD 70 103
Softening Point (°C) ASTM D 36-06 482
Viscosity Test (Pa.sec) ASTM D 4402 0.2625
Ductility Test (cm) ASTM D 113-99 104
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Test description Specification reference Result Limits

Coarse Agg Specific Gravity ASTM C 127 2632 25-3
Fine Agg Specific Gravity ASTM C 128 2618 25-28
Coarse Agg Water Absorption ASTM C 127 0.73% <3
Fine Agg Water Absorption ASTM C 128 245% <3
Los Angles Abrasion ASTM C 131 22 <45
Elongation Index ASTM D 4791 3.578% <15
Flakiness Index v ASTM D 4791 12.9% v <15
Impact Value ASTM C 131 17% <30
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‘Binder Film Thickness (BFT) vs Binder Content (%)
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Content of SO, (%) Content of CL™ (%) Mean (% SD (%)

Area Area Area Area Area Area SO, Cls S0, Cls

#1 #2 #3 #1 #2 #3
1 0.188 0135 0.197 — - — 0173 — 0.034 —
w2 - - - 0179 0.129 0.187 — 0.165 - 0.031
) 0341 024 0.345 0325 0229 0.328 0309 0294 - 0.056
# 0.573 0411 0.598 = = i 0.527 = 0.102 =
5 - — - 0509 0365 0532 — 0468 — 0.091
6 0222 0159 0232 0.174 0.126 0182 0204 016 = 0.030
7 1.086 0764 1.09% = = = 0.982 = 0.189 =
8 = = = 0.237 017 0.247 = 0218 = 0.042
# 0922 0661 0.963 0571 0391 0569 0819 051 — 0.103
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No. Fitting no.

#1 ® 91 0.946
@ 56 0915
#2
(€] -118 0.971
3 @ -76 0938
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Source of P-value of P-value of F-test P-value of Significance

variance Levene’s Test Welch’s test
Solution concentration 0418 0755 - No
Weight Changing Solution type 0.009 - 584x1077 Yes
Infiltration cycles 0.041 - 0291 No
Solution concentration 9.6x 107" - 0.000001 Yes
Compressive strength Solution type 43x107" - 64x1072 Yes
Infiltration cycles 0000025 - 0.000029 Yes
Solution concentration . 73x107° » - 0.005. . Yes
Flexural strength Solution type 0.496 64x107% - Yes
Infiltration cycles 0512 673%10° - v Yes
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Compressive strength (MPa)

Flexural strength (MPa)

SD

Mean

SD

8.86

0.15

312

0.12

3.60

0.03

122

0.03

7.16

0.03

251

0.04

762

0.09

253

0.08

229

0.12

103

0.04

9.00

0.09

457

0.04

513

0.06

155

0.04
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0.08

149

0.06

497

0.03

1.50

0.03





OPS/images/fmats-11-1453768/fmats-11-1453768-t007.jpg
Solution type Weight changing (%)

#1 3 Sodium sulfate solution 1 -152
#2 3 Sodium chloride solution 3 1.61
#3 3 Mixed solution 5 271
#4 5 Sodium sulfate solution 3 -179
# 5 Sodium chloride solution 5 224
#6 5 Mixed solution 1 0.81
#7 10 Sodium sulfate solution 5 -1.34
#8 10 Sodium chloride solution 1 0.68
#9 10 Mixed solution 3 1.86
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DWTx(a,b) = (X (019, (0 = 27| X(D)p(2t - b)dt.  (2)
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solution
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A B C Level

Solution Solution type rosion cycles combination (C)
concentration

1 3 Sodium sulfate solution 1 AByy

2 3 Sodium chloride 3 ABy,
solution

3 3 Mixed solution 5 AByy

4 5 Sodium sulfate solution 3 ABy,

5 5 Sodium chloride 5 AsByy
solution

6 5 Mixed solution 1 ABy

7 10 Sodium sulfate solution 5 AByy

8 10 Sodium chloride 1 ABy
solution

9 10 Mixed solution 3 ABy,
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Chemical Molar Mass Density(g/cm?) Melting point Boiling point (°C) Solubility

formula (g/mol) (°C) (9/100 mL,
25°C)

Na,SO, 142.04 2664 884 l 1429 28.1

NaCl 58.44 217 802018 ‘ 1465 36.0
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Properties Apparent Moisture Crushing value Los Angeles Flake and

specific gravity absorption(%) (VA] Abrasion value elongated
(VA] particle
content (%)

Value 2711 ““_
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Indicators st valu

Fineness (%) 251
Initial Setting Time(min) 155
Final Setting Time(min) 23
3d 45
Flexural strength of mortar (MPa)
28d 90
3d 2.1

Compressive strength of mortar (MPa) .
28d 518
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28d

Cement-stabilized
mortar

Cement-stabilized
macadam

Flexural strength Compressive Flexural strength Compressive
(MPa) Strength (MPa) (MPa) Strength (MPa)
Mean 181 726 225 7.76
D 0048 0346 0042 0182
v (%) 267 477 187 | 234
Mean = 545 - s
D - 023 - —
CV (%) - 415 - —
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