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The study investigated the modification mechanism of modified ground calcium carbonate (GCC) mineral powder using in asphalt concrete. Two types of Titanate coupling agents, namely, K38S (TCA-K38S) and 201 (TCA-201), as well as sodium stearate coupling agent, were adopted to prepare modified GCC. The optimized preparation process was obtained through the orthogonal test. Two kinds of modified GCC were preferably selected to prepare asphalt concrete according to modification mechanism characterization, their performance was analyzed and evaluated at macro and micro levels. The study results show that, the optimal scheme of sodium stearate modified GCC is modification temperature of 80°C, modification time of 50 min, modifying agent dosage of 2.0%. The crystal structure of GCC remains unchanged after modification, with the original lattice structure being maintained. TCA-201 and sodium stearate exhibit better coating properties than that of TCA-K38S. The contact angles of TCA-201 and sodium stearate modified GCC are larger than that of TCA-K38S modified GCC. The in-service performance of AC-13C asphalt concrete modified with sodium stearate is found to be superior to that of TCA-201 modified AC-13C asphalt concrete. Compared with the unmodified AC-13C asphalt concrete, the Marshall modulus, residual stability, freeze-thaw splitting strength ratio, and maximum flexural tensile strain of sodium stearate modified AC-13C asphalt concrete are increased by 54.55%, 2.73%, 10.47%, and 26.41% respectively. This paper provides theoretical guidance for the application of GCC mineral powder in asphalt concrete.
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1 INTRODUCTION
Mineral powder, an inorganic filler with particle size smaller than 0.15 mm, is obtained by grinding natural rocks or other mineral materials. It is categorized into alkaline mineral powder and acid mineral powder. The main component of alkaline mineral powder is ground calcium carbonate (GCC) from sources like limestone, magmatic rock. The main component of acid mineral powder is silica from materials like granite (Awed et al., 2022; Chen et al., 2022; Xing et al., 2022). Limestone with uniform lithology is widely distributed, easy to mining and processing, it is preferred over basalt in terms of cost and availability, making limestone mineral powder a common choice for asphalt concrete (Lesueur et al., 2013; Diab and Enieb, 2018). Antunes et al. (2016) studied the effect of chemical composition and particle geometry of six different mineral fillers on the consistency and stripping resistance of filler–asphalt mixture. Although mineral powder typically constitutes only 6%–8% of the total mineral aggregate in asphalt concrete, its surface area accounts for 70%–90% of the overall surface area of mineral aggregate. The adequate usage of mineral powder can improve the high-temperature stability of asphalt concrete, enhance the ability of asphalt pavement to resist external damage, and extend the in-service life of highway (Alvarez et al., 2012; Tarbay et al., 2019; Guo and Tan, 2021).
During the grinding process of GCC, unsaturated Ca2+and CO32- ions form on the particle surface. As Ca2+and CO32- ions are highly reactive and readily hydrate with moisture in the air, leading to the formation of polar hydroxyl groups on the surface of GCC powder. Consequently, it becomes challenging to achieve uniform dispersion of GCC powder in the non-polar polymer matrices. Additionally, the alkaline hydroxyl groups exhibit strong hydrophilic and oleophobic properties, which weakens the affinity of GCC and organic system, resulting in poor interface bonding between the two materials. Curtis et al. (1993) indicated that the presence of water weakened the adsorption capacity of the two most polar components of asphalt to the aggregate. In addition, to achieve the toughening and reinforcing effect of GCC, it is necessary to minimize the particle size. However, smaller GCC particles have a larger specific surface area and higher surface energy, making them more prone to agglomeration (Upadhyaya et al., 2013), which can affect the performance of the final product.
Therefore, the surface modification of industrial GCC is necessary to change the physical and chemical properties, improve its compatibility and dispersion with the asphalt matrix, and enhance its interface bonding force with the organic matrix, thereby enhancing the comprehensive performance of asphalt concrete. Coupling agents, such as stearic acid or stearate, are widely used for the modification of GCC (Liang et al., 2018; Yu et al., 2020; Han et al., 2022), they can change the solution system, and then modify the surface of mineral filler. The hydrophile-lipophile balance value of stearic acid/stearate is typically between 6 and 8, which means a strong wetting ability for the mineral filler. One end of stearic acid/stearate is a lipophilic long-chain alkane, which enhances its compatibility with the polymer matrix, while the other end is a hydrophilic carboxyl group that can bind to GCC (Rudawska et al., 2017; Seeharaj et al., 2019). An alkaline environment is more conducive to reduce the consumption of stearic acid/stearate, improve the activation degree of GCC (Li et al., 2020). Researches has shown that GCC mineral powder modified with coupling agents significantly improves high-temperature performance of modified asphalt (Li et al., 2019). Hao et al. (2012) prepared the nano CC composite modified asphalt and found that dynamic stability of nano CC composite modified asphalt concrete AC-13 was enhanced from 991 times/mm to 1,269 times/mm, and the residual stability was improved from 0.87 to 0.94.
Currently, there is limited research on the impact of surface modification of mineral powder on their macro and micro properties, and the evaluation of mineral powder performance in the current specification is mainly based on physical indexes. It cannot fully reflect its comprehensive properties and interaction modification mechanism. In this study, two kinds of titanate coupling agent and sodium stearate coupling agent were employed to modify the surface of GCC powder using a mechanochemical method. The optimum preparation process of modified GCC powder was determined by the assessment of the activation degree and oil absorption value and whiteness, then, the modification mechanism was analyzed at both macro and micro levels.
2 MATERIALS AND METHODS
2.1 Experimental material
2.1.1 Main materials
The chemical component of GCC powder (2000 mesh) are shown in Table 1, other addition agent like Titanate coupling agent K38S (TCA- K38S), Titanate coupling agent 201(TCA- 201), Sodium stearate (analytically pure), Anhydrous ethanol (analytically pure), Isopropyl alcohol (analytically pure) are employed in this study, the main technical parameters of them are listed in Table 2.
TABLE 1 | The chemical component of raw materials.
[image: Table 1]TABLE 2 | The main technical parameters of raw materials.
[image: Table 2]2.1.2 Asphalt
70# Class A road Petroleum Asphalt is adopted in this study, according to the Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (2011), The technical indexes of 70# Class A road Petroleum Asphalt are shown in Table 3.
TABLE 3 | Technical indexes of 70 # Class A road Petroleum Asphalt.
[image: Table 3]2.1.3 Aggregate
The aggregate used in this study is limestone, and the mineral filler is homemade modified GCC powder. The aggregate is divided into four grades, namely, S10 aggregate: 10–15 mm, S12 aggregate: 5–10mm, S15 aggregate: 0∼5mm, and mineral filler. Bulk density of aggregates is determined in accordance with the requirements of Test Methods of Aggregate for Highway Engineering (2005), the values are 2.673 g/cm3, 2.625 g/cm3, 2.595 g/cm3, 2.671 g/cm3.
2.2 Experimental method
2.2.1 Preferably chemical evaluation index
In recent years, there are many researches on the surface modification of GCC powder, and the evaluation criteria on chemical indexes of GCC powder are relatively mature. In this study, activation degree, oil absorption value and whiteness are selected as the preferably chemical evaluation indexes, and the optimal modification process parameters of modified GCC powder are evaluated by orthogonal test. The activation, oil absorption and whiteness are determined according to the Analytic method for calcium carbonate (GB/T 19281-2014).
2.2.2 Thermogravimetry and differential thermal analysis (TG-DTA)
To determine the content of calcium carbonate in the obtained sample and verify the modifying agent coatings, in the air atmosphere and the range of 10°C–900°C, the fully dried samples are subjected to TG-DTA at the temperature increment of 10°C/min.
2.2.3 Microscopic characterization
The D8ADVANCE X-ray diffractometer produced by BRUKER AXS GMBH in Germany is used to observe and characterize the crystal structure and cell type of calcium carbonate particles before and after modification, as shown in Figure 1A.
[image: Figure 1]FIGURE 1 | Microscopic characterization equipment (A) X-ray diffractometer, (B) SEM, (C) FT-IR.
Signa 500 electron microscope (SEM) produced by Carl Zeiss Microscopy GmbH in Germany, as shown in Figure 1B, is employed to observe and characterize the morphology of GCC powder.
The TENSOR 27 Fourier transform infrared spectrometer (FT-IR) produced by BRUKER AXS GMBH in Germany (Figure 1C), is adopted to analyze the characteristic groups on the sample surface before and after modification and to infer the chemical reaction mechanism and the strength of chemical bond.
2.2.4 Interface contact angle
The interface contact angle between GCC powder sample and water is measured by JJC-2 contact angle meter.
2.2.5 Particle size
Take a certain amount of GCC powder, add about 400 mL water, then add 1.5–2 mL sodium hexametaphosphate solution (200 g/L). Disperse with ultrasonic 3–15 min. The particle size of the sample was determined by laser particle size analyzer according to the A. method for calcium carbonate (GB/T 19281-2014).
2.2.6 In-service performance of asphalt concrete
High-temperature resistance, low-temperature resistance and water stability are important indexes of asphalt concrete. Marshall test, wheel tracking test, immersion Marshall test, freeze-thaw splitting test, low-temperature bending test are conducted according to Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (2011), the Marshall stability, dynamic stability, residual stability, and freeze-thaw splitting strength ratio are determined for in-service performance assessment of asphalt concrete, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | In-service performance assessment test, (A) Marshall test, (B) freeze-thaw splitting test, (C) low-temperature bending test.
2.3 Experimental scheme
2.3.1 Modified GCC scheme by mechanochemical method
Titanate coupling agent is quantitatively weighed and added into anhydrous ethanol to make a mass fraction of 60% modifying agent solution. By the same method, sodium stearate modifying agent is quantitatively weighed and added into isopropyl alcohol to prepare a mass fraction of 60% modifying agent solution. The GCC mineral filler of 2 kg is dried to a constant weight and heated to the specified temperature, then put it into modifying machine with specified amount of modifying agent. The temperature is controlled within the optimal modification temperature range of ±5°C. After modification, the modified GCC powder can be obtained by drying and grinding.
2.3.2 Modified GCC orthogonal test scheme
In order to obtain the optimized preparation process of modified GCC, L9 (34) orthogonal test is designed with oil absorption value, activation degree and whiteness as evaluation indexes. Three factors including modification time, modifying agent dosage and modification temperature are selected, each factor is equipped with 3 levels, specific orthogonal test design and specific level can be seen from Table 4.
TABLE 4 | Orthogonal test design.
[image: Table 4]2.3.3 Modified GCC asphalt concrete proportion design
AC-13C dense gradation asphalt concrete is prepared for the study on the influence of modified GCC. Asphalt concrete proportion is designed with Marshall test. The 70# Class A road Petroleum Asphalt and four grades of aggregate are employed according to the suspension dense design principle of continuous dense gradation. m (S10 aggregate): m (S12 aggregate): m (S15 aggregate): m (mineral filler) = 29: 30: 35: 6, the optimum asphalt-aggregate ratio of AC-13C asphalt concrete is 4.6%, the asphalt concrete gradation is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Asphalt concrete gradation.
3 THE PREPARATION AND CHARACTERIZATION OF MODIFIED GCC
3.1 Orthogonal test analysis
The activation degree is a measure of the hydrophobicity after GCC surface treatment, which indicates the degree of coating on the surface of calcium carbonate. A higher activation degree reflects a better modification effect. The oil absorption value is determined by measuring the volume of dioctyl phthalate absorbed by the powder pores. The smaller the oil absorption value, the higher the dispersion, the better the modification effect. Higher whiteness indicates higher purity and a more stable and uniform nature. According to the ranking of factor significance, the influence of modification time, modifying agent dosage, and modification temperature on the above indexes can be determined. The optimized preparation process can be obtained through the range analysis of orthogonal test results, as shown in Table 5.
TABLE 5 | Orthogonal test results.
[image: Table 5]Range analysis results of orthogonal tests are presented in Appendix Table A1, the scheme satisfies most factors is chosen as a superior scheme. The superior scheme of TCA-K38S modified GCC is modification temperature of 80°C, modification time of 50 min, modifying agent dosage of 2.0%. The superior scheme of TCA-201 modified GCC is modification temperature of 80°C, modification time of 70 min, modifying agent dosage of 2.0%. The superior scheme of sodium stearate modified GCC is modification temperature of 80°C, modification time of 50 min, modifying agent dosage of 2.0%. The indexes are detected under the superior scheme of each modified GCC, then, compared with the 9 groups of test results in Table 5, the optimal modification scheme is obtained, as shown in Table 6.
TABLE 6 | The optimal modification scheme of modified GCC.
[image: Table 6]3.2 Modification mechanism analysis
The contact angle reflects the wettability of calcium carbonate (Valencia and Pileggi, 2018). It can be seen from Table 7 that the average measured contact angle of GCC without modification is 72.3± 3°. It indicates the GCC powder is hydrophilic, but not completely hydrophilic. However, the contact angles of modified GCC are increased compared to unmodified GCC, indicating that the surface becomes more hydrophobic and lipophilic due to the modification. The surface energy of modified GCC is significantly reduced, which makes the modified GCC has good dispersion in asphalt concrete. Table 7 also shows that the contact angle of TCA-201 modified GCC increases most significantly, indicating that TCA-201 has the best modification effect. Sodium stearate also shows good modification effect, with a contact angle reaching 102.7° ± 3°. On the other hand, TCA-K38S shows the least improvement in contact angle, with a contact angle of 87.5° ± 3°, indicating the least effective modification. Therefore, in practical application, regardless of the spalling condition of modifier, TCA-201 modified GCC and sodium stearate modified GCC are preferred due to their better practical effect.
TABLE 7 | The contact angle of different contact angle.
[image: Table 7]Calcite is a crystalline form of GCC, it is diffraction angles of the standard spectra are 23.08°, 29.46°, 35.96°, 39.42°, 43.16°, 47.64°, 48.58° and 57.40° respectively. Figure 3 shows a comparison of the diffraction peaks of GCC before and after modification, and it can be observed that the peaks are corresponding and the peak shape is similar, indicating that the crystal shape of the mineral powder remains unchanged after modification, and it is still of the calcite type (Bahranowski et al., 2021). The crystal structure of GCC is not altered by the modification process, and the original lattice structure is still maintained.
As per Figure 4, it can be observed that the reaction temperature for several modified GCC falls within the range of 200°C–300°C, as reported in studies by Yuan et al. (2019) and Nakarai et al. (2021). Upon comparing the curve of unmodified GCC with the curves of modified GCC, it is evident that unmodified GCC shows minimal mass loss and remains relatively stable as the temperature increases in the temperature range of 200°C–600°C, while modified GCC exhibits varying degrees of mass loss with the increase of temperature, and the extent of mass loss roughly corresponds to the amount of modifying agent added. This shows that, in the process of temperature rise, the modifying agent molecules adsorbed on the surface of GCC are detached, resulting in the mass loss of modified GCC. Note that the TCA-201 modified GCC and sodium stearate modified GCC show larger mass loss in the same temperature range, which indicates that the nature of TCA-201 and sodium stearate modified GCC is more active. Moreover, it can be observed from Figure 4 that, the mass of GCC decreases significantly beyond 600°C, indicating the decomposition of GCC.
[image: Figure 4]FIGURE 4 | Modified GCC (A) XRD spectrum and (B) TG-DTA, a: Unmodified GCC, b: TCA-201 modified GCC, c: TCA-K38S modified GCC, d: sodium stearate modified GCC.
Figure 5 shows the FT-IR spectrum of unmodified GCC and modified GCC. In curve a, typical absorption peaks of calcium carbonate can be observed at 1,430 cm-1, 1,085 cm-1, 870 cm-1, and 710 cm-1, corresponding to antisymmetric stretching vibration peak, symmetric stretching vibration peak, out-of-plane bending vibration peak and in-plane bending vibration peak of CO32-, respectively (Feng et al., 2021; Águila-Almanza et al., 2022). The peak at 3,440 cm-1 corresponds to the stretching vibration absorption peak of -OH on the surface of GCC. Additionally, peaks at 2,855 cm-1 and 2,952 cm-1, indicate the presence of -CH2- symmetric and antisymmetric stretching vibration peaks respectively, which are attributed to long-chain alkyl groups in the titanate structure. It indicates that a titanate coupling agent has been grafted onto the surface of GCC. The titanate coupling agent forms a bond between the inorganic end RO- of the molecule and the -OH on the surface of calcium carbonate, resulting in adsorption of the coupling agent as a single molecule on the surface of calcium carbonate, forming a layer of molecular film and altering the surface properties of GCC.
[image: Figure 5]FIGURE 5 | Infrared spectrogram, (A) Unmodified GCC, (B) TCA-201 modified GCC, (C) TCA-K38S modified GCC, (D) sodium stearate modified GCC.
After the modification of GCC with sodium stearate, the intensity of the stretching vibration absorption peak at 3,440 cm-1 significantly decreases, indicating a reduction in hydrophilicity and an increase in oil repellency of the modified GCC. Additionally, new peaks at 2,850 cm-1 and 2,920 cm-1 corresponding to -CH2- symmetric stretching vibration and antisymmetric stretching vibration are observed, suggesting the presence of sodium stearate on the surface of GCC. By comparing the infrared spectra before and after sodium stearate modification, it is found that the characteristic peak of CO32- at 1,430 cm-1 is stronger than that before modification. The results show that the carboxyl group in sodium stearate and calcium ion on the surface of GCC form a calcium carboxylate. The organic modifying agent sodium stearate has a long-chain alkyl end, resulting in a fur-like two-dimensional curved structure on the surface of the modified GCC particles. When the coating amount reaches a single layer, GCC is completely modified by sodium stearate.
3.3 Microscopic characterization
During the production of GCC, superfine GCC particles tend to agglomerate after grinding, which will affect the performance of asphalt mixtures. Therefore, the particle size and distribution of GCC after surface modification, TCA-201, TCA-K38S and sodium stearate modified GCC were analyzed using a laser particle size analyzer, and the results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Particle size change of GCC after modification.
As can be seen from Figure 6, the fineness of the GCC modified by mechanochemical method meets higher standards, with particle sizes all below 60 μm. Compared with the particle size of the unmodified GCC, the median particle size (D50) of GCC increases, and the coarse-grained particle size (D90) of modified GCC also increases under the same sieve residual conditions. This is because during surface mechanical modification, the modifying agent binds the small particle size GCC to the original GCC particles, blunting the sharp edges and angles on the surface of GCC to some extent. The flat crystal cleavage plane of the particle surface coated with the modifying agent further increases the particle size. The larger the particle size, the smaller the angle of repose between the free surface of GCC and the horizontal plane. Moreover, the friction force of spherical particles of modified GCC powder is reduced during rolling, resulting in improved fluidity of the GCC powder.
As evident from Figure 7, the surface of unmodified GCC has crystal cleavage planes with different widths, it presents irregular open layered structure with a large specific surface area and stable skeleton structure. However, after modification by the modifying agent, the angular surface and crystal cleavage surface of the GCC powder basically disappear, and the unfavorable morphological characteristics are improved (Habte et al., 2019; Shan et al., 2022; Zhao et al., 2022). As can be seen in Figures 7B,C,D, the surface of the modified GCC is coated with a layer of oily bright substance, which indicates that the modifying agent is bonded with the matrix particles. The surface of the particles becomes more rounded, and the particles adhere to each other less, resulting in a looser GCC powder. This is mainly because the molecular structure of organic matter is relatively slender, the separation distance between the GCC powder particles coated with the modifying agent is relatively large, making it difficult for them to aggregate. It is observed that TCA-201 forms a dense layer of organic matter on the surface of GCC, and sodium stearate also forms a layer of organic matter, although the surface of sodium stearate modified GCC is rough. TCA-K38S has the worst coating property, with some parts of GCC remaining incompletely coated. This can also explain why the oil absorption value and activation degree of modified GCC by sodium stearate and TCA-K38S are weaker than that of TCA-201. Based on the combined analysis of contact angle, TG-DTA and SEM, sodium stearate and TCA-201 are preferred modifying agents for preparing modified GCC asphalt mixtures, and the in-services performance of their asphalt mixtures are remained to be evaluated.
[image: Figure 7]FIGURE 7 | SEM picture, (A) Unmodified GCC, (B) TCA-201 modified GCC, (C) TCA-K38S modified GCC, (D) sodium stearate modified GCC.
4 PERFORMANCE ASSESSMENT OF ASPHALT CONCRETE USING MODIFIED GCC
4.1 Physical evaluation index measurement of modified GCC
According to the Test Methods of Aggregate for Highway Engineering (2005), the apparent density, water content, gradation, hydrophilicity coefficient, plasticity index and heating stability of ordinary mineral powder, TCA-201 modified GCC and sodium stearate modified GCC were tested and compared, and the results are presented in Table 8.
TABLE 8 | Detection of physical and mechanical properties of GCC mineral filler.
[image: Table 8]It can be seen from Table 8 that the measured physical values of GCC meet the specification requirements. The hydrophilic coefficient of TCA-201 and sodium stearate modified GCC is 0 after modification, indicating that they are hydrophobic. Therefore, when anhydrous ethanol with added water is used, the liquid limit and plastic limit of the two modified GCC powders can be detected, and the measured values are slightly larger. After adjusting the testing scheme, the plasticity index of the modified GCC powder is higher than that of the original GCC powder, but it meets the specification requirements.
4.2 High-temperature resistance of modified asphalt concrete
Marshall stability refers to the maximum load that a specimen can withstand before failure under a load at a temperature of 60°C, and flow value refers to the deformation when the maximum load is reached. Marshall modulus can indirectly reflect the rutting resistance of asphalt concrete, where a larger Marshall modulus indicates smaller deformation, stronger resistance to external forces, higher strength of asphalt concrete, and better deformation resistance at high temperatures (Feng et al., 2019; Jahanbakhsh et al., 2020). The rutting test is commonly used to determine the high-temperature rutting resistance of asphalt concrete. The results of Marshall modulus and dynamic stability are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Result of AC-13C Marshall Stability Tests and wheel tracking test.
As shown in Figure 8, compared with the unmodified AC-13C asphalt concrete, the Marshall modulus of TCA-201 modified AC-13C asphalt concrete and sodium stearate modified AC-13C asphalt concrete increases by 40.91% and 54.55% respectively. The dynamic stability of TCA-201 modified AC-13C asphalt concrete and sodium stearate modified AC-13C asphalt concrete is improved by 3.14 times and 2.12 times, respectively. The modified GCC has a significant positive effect on improving the high-temperature resistance of AC-13C asphalt concrete.
The high-temperature resistance of TCA-201 and sodium stearate modified AC-13C asphalt concrete has been improved to different degrees, and the modification effect of TCA-201 modified GCC is more significant than that of sodium stearate modified GCC. Analysis indicates that the activity of the two kinds of modified GCC powder has been significantly improved. Both modifying agents form a uniform and dense film that covers the surface of GCC powder. The inner side of the film reacts with various functional groups on the surface of GCC and forms a strong chemical bond, and the lipophilic outer side of the film reacts or physically entangles with the organic polymer asphalt. This results in a firm bond between the inorganic GCC powder and the organic asphalt, forming an asphalt slurry that enhances the adhesion of aggregate in asphalt concrete. The oil absorption value of the modified GCC powder is greatly reduced, leading to increased dispersion of the modified GCC powder in the asphalt mixture. This results in more evenly distributed voids in the asphalt mix and increased compactness, ultimately improving the high-temperature resistance of the asphalt concrete.
4.3 Water stability analysis of modified asphalt concrete
The water stability of asphalt concrete is an important performance index that affects the stability and service life of pavement structure. Immersion Marshall test and freeze-thaw splitting test were conducted to study the water stability of modified GCC asphalt concrete (Liu et al., 2019; Álvarez et al., 2020). The test results are shown in Figure 9.
[image: Figure 9]FIGURE 9 | The result of immersion Marshall test and freeze-thaw splitting test.
It can be seen from Figure 9 that the residual stability of TCA-201 modified asphalt concrete and sodium stearate modified asphalt concrete is both increased by 2.73%, compared with the unmodified asphalt concrete. And the freeze-thaw splitting strength ratio is increased by 6.61% and 10.47%, respectively. The modified GCC powder has a significant improvement effect on the water stability of AC-13C asphalt concrete.
Furthermore, the addition of TCA-201 and sodium stearate modified GCC powder can improve the water stability as well as the physical and mechanical properties of AC-13C asphalt concrete, and the modification effect of sodium stearate is more significant than that of TCA-201. Analysis indicates that the activation degree of modified GCC powder is improved, and the immersion wetting between asphalt slurry and modified GCC powder enhances the interfacial adsorption strength. The improvement of asphalt slurry viscosity increases the thickness of structural asphalt film, effectively prevents water from entering the interface between asphalt and aggregate, thereby enhancing the anti-spalling property. In addition, the increased compactness reduces the internal gaps, the number of connected pores is reduced, resulting in improved water stability and low permeability of the asphalt concrete.
4.4 Low-temperature resistance analysis of modified asphalt concrete
Asphalt pavement shrinkage cracks, which occur under low temperature conditions, are one of the main types of damage to asphalt pavement. The existence of shrinkage cracks not only affects the appearance of the pavement, but also may cause other the pavement issues. To study the low-temperature performance of the asphalt concrete, a low-temperature bending test was conducted (Iwanski et al., 2020; Alattieh et al., 2021). The measurement results of low-temperature bending and tensile strain are shown in Figure 10.
[image: Figure 10]FIGURE 10 | The result of low-temperature bending test.
Figure 10 reveals that the maximum flexural tensile strain of asphalt concrete under different types of mineral powder. It can be seen that the maximum flexural tensile strain of TCA-201 modified asphalt concrete and sodium stearate modified asphalt concrete is increased by 19.18% and 26.41%, respectively, compared with the unmodified AC-13C asphalt concrete.
The cracking of asphalt pavement is primarily caused by the fracture of the contact surface between aggregates, and the strength of this contact surface between aggregates is mainly affected by the properties of asphalt slurry. Modified GCC powder with high activation degree can improve the dispersion in the asphalt slurry, and enhance the viscosity and toughness of asphalt slurry. In addition, the hydrophobic and lipophilic properties of the modified GCC powder, along with its low oil absorption value, facilitate close bonding between the asphalt and aggregate, and dispersion and transfer of stress caused by external loads. This helps to prevent cracking due to stress concentration and minimize crack expansion, resulting in improved low-temperature performance and reduced shrinkage cracks in the asphalt concrete pavement.
5 CONCLUSION
TCA-K38S, TCA-201 and sodium stearate were employed to prepare modified GCC, two kinds of modified GCC were preferably selected to prepare asphalt concrete and their performance were evaluated at macro and micro levels. The main results are as follows:
(1) The optimal modification scheme for TCA-201 modified GCC is a modification temperature of 80°C, modification time of 70 min, and modifying agent dosage of 2.0%. The optimal scheme for sodium stearate modified GCC is a modification temperature of 80°C, modification time of 50 min, modifying agent dosage of 2.0%. The contact Angles of TCA-201 and sodium stearate modified GCC are larger, indicating that their nature is more active.
(2) After surface modification, the median particle size (D50) of GCC and the coarse-grained particle size (D90) of GCC are increased. However, the crystal structure of GCC is not changed after modification, and the original lattice structure is still maintained. The surface of GCC has an irregular open layered structure, with a large specific surface area and stable skeleton structure. TCA-201 and sodium stearate show better coating properties than that of TCA-K38S.
(3) Compared with the unmodified AC-13C asphalt concrete, sodium stearate modified AC-13C asphalt concrete exhibits improved performance, with an increase in Marshall modulus, residual stability, freeze-thaw splitting strength ratio, and maximum flexural tensile strain by 54.55%, 2.73%, 10.47%, and 26.41% respectively. The Pavement in-service performance of sodium stearate modified AC-13C asphalt concrete is superior to that of TCA-201 modified AC-13C asphalt concrete.
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APPENDIX
TABLE A1 | Range analysis of orthogonal test.
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