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Abstract

:

This study investigates the application of foam asphalt (FA) to enhance the compaction effectiveness of a hot in-place recycling asphalt mixture (HIR-AM) during the HIR process of old road surfaces. Initially, the process parameters for FA preparation were determined through expansion-rate and half-life tests. Subsequently, the study focused on evaluating the impact of FA on the compaction quality of HIR-AM. Performance assessments were conducted through rutting tests, low-temperature bending tests, Hamburg wheel tracking tests, dynamic modulus analyses, and various other experiments to evaluate the road performance of HIR-FAM. Finally, the research findings were validated through practical engineering applications, and the construction process for HIR-FAM was summarized. The research results reveal that the optimal foaming temperature for SBS asphalt is 170 °C, with an ideal water content of 1.7%. Under the same compaction temperature, HIR-FAM demonstrated a significant reduction in void content, ranging from 3.8% to 21.2% compared to HIR-AM. Moreover, a higher proportion of FA usage resulted in a more substantial decrease in void content. Compared to HIR-AM, HIR-FAM exhibited notable improvements, including an 11.6% increase in dynamic stability, a 13.4% enhancement in bending strength, a 13.3% increase in maximum bending strain, an 8.1% improvement in residual stability, and an 8.5% boost in freeze–thaw splitting strength. Furthermore, HIR-FAM demonstrated superior water-thermal stability and resistance to low-frequency loads. Paving a test road verified that the adoption of foam asphalt in thermal recycling led to a compaction density increase of over 0.79% compared to traditional in situ thermal recycling sections, with improved compaction uniformity.
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1. Introduction


In the field of transportation in China, the total carbon emissions are enormous, accounting for approximately 10% of the national terminal carbon emissions [1]. It is one of the key areas of concern for carbon emissions control. With the comprehensive implementation of China’s “dual carbon” strategy, the pressure to reduce emissions in the transportation industry will increase further [2,3]. Achieving carbon reduction in the transportation industry under the backdrop of carbon neutrality is an important research topic [4,5,6,7]. Hot in-place recycling (HIR) can fully utilize reclaimed asphalt pavement (RAP), which has the characteristics of low maintenance cost, short construction period, low traffic disturbance, etc., and can effectively reduce carbon emissions [8,9,10,11,12]. In recent years, it has been widely applied in the road maintenance industry [13,14].



Due to the low mixing temperature and the presence of a significant amount of aged asphalt in the on-site hot recycled asphalt mixture, the efficiency of mixing is reduced [15]. This leads to insufficient compaction of the recycled road surface and poor-quality information, making it prone to early deterioration [16,17]. Warm-mix asphalt (WMA) technology can reduce the viscosity of asphalt binder without increasing the heating temperature [18], thereby improving the workability of the mixture and effectively enhancing the compaction quality of asphalt pavements [19,20,21]. Techniques like foam warm-mix asphalt (FWMA) utilize the high temperature of asphalt to vaporize liquid water, leading to foaming of the asphalt and an increase in its surface area. This indirectly improves asphalt flowability, achieving an anti-sticking effect [22,23]. FWMA is known for its simplicity of operation and lower cost, making it one of the most prominent warm-mix technologies [24,25].



However, this technique also has some drawbacks. A compaction temperature that is too low can result in inadequate adhesion between the binder and aggregates, leading to a softer mixture with poor resistance to deformation [26]. Moreover, the injection of water during the foaming process can make foam warm-mix asphalt mixtures more susceptible to moisture damage [27]. Combining the characteristics of PAP and FWMA technologies can effectively address the aforementioned issues [28]. For instance, due to material aging in RAP, it exhibits better resistance to rutting [29]. Meanwhile, FWMA technology can improve the poor workability of RAP by reducing the viscosity of aged asphalt binders. Additionally, the addition of PAP offers more high-viscosity binders, enhancing the adhesion of the mixture and thereby compensating for the shortcomings in FWMA performance [30]. Research by A. Rondón-Quintana [31], Zheng, Z. G. [32], and others has shown that FWMA has been effective when applied in plant-mixed hot recycling mixtures. P. Abreu [33] and others investigated the impact of RAP dosage on the performance of different foam asphalt recycled mixtures and found that the same RAP dosage of foam asphalt can reduce the recycled mixtures compaction temperature by 15~30 °C. Furthermore, foam asphalt recycled mixtures with high RAP content still exhibit good water stability. Zhao, S. [34] and Ashiqur, R. M. [35] conducted a series of indoor experiments on warm-mix recycled mixtures. They found that compared to hot-mix asphalt (HMA), due to the lower mixing temperature of FWMA, it is more prone to rutting and moisture damage. However, increasing the RAP content has a positive impact on the resistance to the rutting, water stability, and fatigue performance of WMA. The different preparation methods of foam asphalt recycled mixtures and the addition of rejuvenators can also impact the performance of the mixture: Kavussi, A. [36] compared the rutting performance of FWMA-A (all binders used were foam asphalt) and FWMA-B (hard asphalt was foam asphalt). The results showed that when the compaction temperature was 115 °C, the rutting depth of FWMA-B was reduced by 0.3 mm compared to that of FWMA-A after 20,000 cycles. Jeong, M. M. [37] and others analyzed the effect of a rejuvenator on foam asphalt mixtures containing 100% RAP. They found that adding a 6% rejuvenator improves its resistance to cracking but significantly decreases its structural integrity. Consequently, much research has been conducted by scholars to reduce the compaction temperature of recycled mixes, increase the proportion of RAP blending, and the synergistic effect of FWMA and RAP, but there is limited research on the application of FWAM technology in HIR to improve the compaction quality.



This study was conducted in the context of the S511 road improvement and expansion project in Wudi County, Shandong Province. Foam warm-mix technology was applied to HIR, achieving 100% utilization of RAP, and a systematic investigation into the impact of FA on the compaction quality of HIR-AM was carried out. Firstly, the FA foaming process was determined based on foaming efficiency. Subsequently, by studying the compaction quality of three types of HIR-FAM, the preparation process of HIR-FAM was established. The experimental verification of their road performance was conducted. Finally, in conjunction with field engineering, the research findings were validated, and a set of construction processes for HIR-FAM was proposed, providing a reference for the promotion and application of this technology in asphalt pavement maintenance projects.




2. Materials and Methods


2.1. Project Description


The project is located in the vicinity of S511, Jieshishan Town, Wudi County, Shandong Province, as shown in Figure 1a. The original road surface’s upper-layer structure is 4 cm AC-13, with an average daily traffic volume (ADT) of 45,799, making it a heavily traveled main road. Wudi County experiences average low and high temperatures of −16.5 °C and 39.4 °C, respectively. Prolonged temperature variations and repeated heavy traffic loads have led to severe fatigue cracking and rutting in the asphalt pavement, as illustrated in Figure 1b. According to the Standard JTG 5210-2018 [38,39], the pavement condition index (PCI) for this road segment was assessed, resulting in a PCI of 73.07, indicating the need for pavement maintenance. The total construction length of the project is 9.8 km, and it is built to the standards of a first-class highway. Approximately 61% of the road sections underwent maintenance using HIR, as shown in Figure 1c.




2.2. Materials


SBS asphalt was used as the new asphalt, and limestone served as the coarse aggregate for the new asphalt mixture. Testing and analysis of the new asphalt and recycled asphalt from RAP were conducted following Test Procedures JTG E20-2011 [40,41,42,43,44], with the test results presented in Table 1, which shows that the recycled asphalt is hardened due to the aging effect of the asphalt, and its performance no longer meets the corresponding technical requirements of the Construction Technical Specifications (JTG F40-2004) [41,42,43]. The physical properties of the aggregates are listed in Table 2, and it is found that the recycled aggregates are good in terms of crushing value, abrasion loss, and density, which can ensure that the in situ hot recycled asphalt mixtures can play the role of the skeleton support and contribute a certain degree of strength to the recycled asphalt mixtures. Recycling agents are added to restore the original properties of recycled asphalt, and their technical properties are presented in Table 3.




2.3. Proportioning Design


Based on the performance indicators and sieve analysis results of RAP and new aggregates, the gradation design for the AC-13 mixture was conducted. Considering an on-site milling depth of 4 cm and based on engineering experience, the addition of new asphalt mixture to the recycled mixture is set at 15%, and the gradation design of the recycled mixture is shown in Table 4. According to the specifications [41,42,43,44,45], the optimal asphalt content for the hot in-place recycle asphalt mixture was determined to be 5.1%, the additional asphalt content was 0.64%, and the asphalt content for the new asphalt was 4.3%.




2.4. Experiment Design


This research workflow is shown in Figure 2, which mainly includes determining the foam asphalt foaming process using the expansion rate and half life; the mensuration of the compaction characteristics of different HIR-FAM; the evaluation of the road performance of HIR-FAM using the rutting test, low-temperature bending test, Hamburger rutting test, and the dynamic modulus test; and finally, the verification of the results of the indoor study through the paving of a test road in a real project.



2.4.1. The Impact of Foaming Conditions on Asphalt Performance


The WLB10 asphalt foaming machine from Wirtgen GmbH, Germany, was utilized in this experiment for indoor asphalt foaming tests. Foaming conditions were set as follows: foaming temperatures of 160 °C, 170 °C, and 180 °C and foaming water content of 1.0%, 1.5%, 2.0%, and 2.5%. A total of 12 sets of experiments were conducted, with each set performed in triplicate. The expansion rate and half life of the asphalt under different foaming conditions were measured, and the average values were taken as the final test results. The test results were then fitted and regressed in the form of y = alnx + b, and trend curves were plotted to illustrate the variations.




2.4.2. The Influence of FA on the Compaction Characteristics of Recycled Mixtures


To investigate the impact of FA on the compaction characteristics of HIR-AM, three types of HIR-FAM were prepared: (1) The asphalt in the new asphalt mixture was replaced with FA to produce the recycled mixture, referred to as FN. (2) The additional asphalt sprayed onto RAP was substituted with FA to prepare the recycled mixture, referred to as FR. (3) Both the additional asphalt added to the new asphalt mixture and the asphalt sprayed onto RAP were replaced with FA to create the recycled mixture, referred to as FNR. As a control group, we used a conventional hot-mix asphalt HIR mixture denoted as HNR. We fabricated Marshall specimens using these four types of recycled mixtures at different mixing temperatures (120 °C, 130 °C, 140 °C, 150 °C, 160 °C, and 170 °C). The compaction conditions were identical to those of conventional hot-mix modified asphalt HIR asphalt mixtures, and the percent air voids of the specimens were measured.




2.4.3. Study on the Performance of HIR-FAM


Studies have shown that the mixing temperature for HIR-AM during on-site construction is approximately 145 °C [46,47]. Therefore, in this experiment, HIR-FAM and HIR-AM were mixed and prepared at a temperature of 145 °C to investigate the influence of FA on the performance of recycled asphalt mixtures. Comparative tests were conducted following the guidelines specified in the Test Procedures (JTG E20-2011) [40].



Dynamic Stability Test


The rutting test involved the fabrication of rutting test specimens measuring 300 mm × 300 mm × 80 mm using a rolling compactor. After insulation, the specimens were placed in a rutting automatic testing machine for dynamic stability testing with a wheel pressure of 0.7 MPa. The instrument automatically recorded rut depth measurements, at 45 min (    t   1    ) and at 60 min (    t   2    ), and the dynamic stability value was calculated using Equation (1).


  D S =   (   t   1   −   t   2   ) × N     d   2   −   d   1     ×   C   1   ×   C   2    



(1)




which includes the dynamic stability of the asphalt mixture (cycles/mm); the deformation at time (mm) [48]; the deformation at time (mm); the instrument type parameter, taken as 1.0; and the specimen coefficient, taken as 1.0; and N is the reciprocal rolling speed of the test wheel, 42 cycles/min.




Low-Temperature Bending Test


The rutting test specimens, formed using the rolling compactor, are cut into small beam specimens measuring 250 mm × 30 mm × 35 mm. These specimens are placed in an environmental incubator at a test temperature of −10 °C for a constant temperature of 4 h. A modular electromechanical servo-driven asphalt testing machine (ASPHALT QU3E) is used to conduct the low-temperature bending test, from which the flexural tensile strength and maximum tensile strain were calculated.




Water Stability Test


According to Specification JTG/T 5521-2019 [45], the water stability of two types of hot recycling asphalt mixtures is evaluated using the freeze–thaw splitting test and the soaking Marshall test. For the freeze–thaw splitting test, standard Marshall specimens compacted on both sides for 50 blows were prepared. These specimens undergo a process that includes 15 min of vacuum saturation, 16 h of freezing treatment, 24 h of high-temperature treatment, and 2 h of immersion in room-temperature water. The split tensile strength of the specimens is then measured and compared with the split tensile strength of specimens immersed in room-temperature (25 °C) water for 2 h. For the soaking Marshall test, Marshall specimens of one type of mixture were divided into two groups. Both groups of specimens were simultaneously placed in a constant-temperature water bath at 60 °C. One group was soaked for 30 min, and the other group was soaked for 48 h. The Marshall stability of both groups of specimens was determined, and based on the stability values from the two groups, the soaked residual stability was calculated.




Hamburg Wheel Tracking Test


To verify the high-temperature stability and water stability of the recycled mixture, a Hamburg wheel-tracking test was conducted. This test uses asphalt mixture specimens subjected to rotary compaction, with their surfaces immersed in water at 50 ℃. Steel wheels then roll back and forth over the specimen surface for 20,000 cycles. Water stability and resistance to rutting performance were evaluated by measuring the rut depth and characteristics of the deformation curve of the asphalt mixture.




Dynamic Modulus Test


To verify the deformation resistance of the recycled mixture, dynamic modulus tests were conducted. Cylindrical specimens with dimensions of φ100 mm × 150 mm were obtained through coring from compacted asphalt samples. Dynamic modulus tests were performed using an AMPT (Asphalt Mixture Performance Tester) machine at five test temperatures (0 °C, 10 °C, 20 °C, 35 °C, and 50 °C) and six loading frequencies (25 Hz, 10 Hz, 5 Hz, 1.0 Hz, 0.5 Hz, 0.1 Hz). The dynamic modulus and phase angle of the four types of in-place hot recycling asphalt mixtures were determined through these tests.







3. Results and Discussion


3.1. Determination of Optimal Foaming Conditions


As shown in Figure 3a, the expansion ratio of SBS asphalt increases continuously with the increase in foaming water content at the same temperature, while the half life gradually decreases. This suggests that excessive water content does not improve the foaming effect of asphalt. The main reason is that with the increase in foaming water content, more water vapor is trapped by the asphalt, leading to an increase in the expansion ratio. However, as the volume of asphalt bubbles increases, the asphalt film becomes thinner, resulting in a shorter time for the internal equilibrium of the asphalt bubbles, leading to a shorter half life. Figure 3b demonstrates a good logarithmic correlation between the experimental results of the expansion ratio and the half life. Additionally, under a foaming temperature of 170 °C, the expansion ratio and half life of foamed asphalt are relatively balanced, indicating that higher temperatures do not necessarily result in a better foaming effect for SBS asphalt. This is because, while high temperatures promote the vaporization of water in asphalt to generate foam, excessively high temperatures reduce the elasticity of the asphalt film, making the asphalt bubbles unstable and prone to rupture [49]. Currently, there is no standardized limit for the acceptable values of the expansion ratio and half life. However, the relevant literature [50] suggests a lower limit standard value of 10 for the expansion ratio and 8 s for the half life. The optimal foaming water content corresponding to a foaming temperature of 170 °C was determined to be 1.7% using Equation (2) [45].


    W   o p t   = (   W   1   +   W   2   ) / 2  



(2)




where, Wopt is the optimal foaming water content (%); W1 is the determination of the water content corresponding to the lower limit of the expansion rate standard value (%); W2 is the determination of the water content corresponding to the lower limit of the half life standard value (%). If the determined water content corresponding to the lower limit of the expansion rate standard value is below 1.5%, we take it as 1.5%. When the determined water content corresponding to the lower limit of the standard value of the half life exceeds 4.0%, it is taken as 4.0%.




3.2. The Impact of Foamed Asphalt on Compaction Characteristics


In Figure 4, it can be observed that as the mixing temperature increases, the percentage of the air voids in the mixture gradually decreases. At the same mixing temperature, the percentage of the air voids in the HIR-FAM is smaller than that of HIR-AM. The reason for this is that foamed asphalt vaporizes water through the asphalt, causing the asphalt to foam, which increases the contact area between the asphalt and the mixture. This allows the asphalt to adhere better to the surface of the mixture, improving the smoothness of the mixture interface and thereby enhancing the compaction quality of the mixture [51]. However, the percentage of the air voids of different HIR-FAM is not constant. At 150 °C, the percentage of the air voids of FNR is 4.0%, while those of FN, FR, and HNR are 4.1%, 4.4%, and 4.5%, respectively. It can be seen that using foamed asphalt as an externally added asphalt sprayed onto RAP to prepare recycled mixtures has a relatively lower effect on improving the compaction characteristics. This may be due to the lower amount of externally added foamed asphalt compared to the other two methods, resulting in limited influence on the overall reduction in asphalt viscosity in the asphalt mixture.




3.3. Performance of HIR-FAM


3.3.1. Performance on the road


The high-temperature performance, low-temperature performance, and water stability of three types of HIR-FAM were determined and compared with HIR-AM. The test results are shown in Table 5.



From Table 5, it can be observed that the road performance of HIR-FAM is improved compared to HIR-AM at the same temperature. Furthermore, the ranking of the effect on improving the road performance of recycled mixtures is FNR > FN > FR, which aligns with the results of the compaction characteristics test of recycled asphalt mixtures. Comparing HNR and FNR at the same mixing temperature shows that FNR exhibits 11.6% higher dynamic stability, 13.4% higher bending strength, 13.3% higher maximum bending strain, 8.1% higher residual stability, and 8.5% higher freeze–thaw splitting strength ratio. These findings indicate that foam asphalt greatly enhances the temperature performance of the recycled mixture. This is attributed to the foaming technology effectively reducing the viscosity of the new asphalt, thereby improving the workability of the mixture and leading to better compaction of the recycled mixture. This results in a significant increase in the compactness of the recycled mixture. However, the improvement in water stability is relatively low. This can be attributed to the presence of residual trace water in foam asphalt, which may affect the adhesion at the aggregate–asphalt interface, allowing moisture to more easily penetrate the aggregate–foam-asphalt interface and lead to asphalt stripping. [52].




3.3.2. Hamburg Wheel Tracking


Figure 5 shows that the rut depths of FN, FR, and FNR are all less than HNR, further confirming that FA can improve the high-temperature performance and water stability of HIR-AM. However, even for FNR, the rut depth is only reduced by about 0.7 mm compared to HNR, and the differences are relatively small. The rut depth curves also exhibit some similarities. Moreover, the stripping inflection points for these four specimens are very close, requiring nearly the same number of load cycles to achieve moisture damage. This is mainly because FA accounts for a relatively small proportion of the binder material in the recycled mixtures, with the majority of the binder material coming from the asphalt in the RAP. This limitation results in a relatively modest improvement in the performance of recycled mixtures due to FA.




3.3.3. Dynamic Modulus


The deformation resistance of asphalt mixtures is primarily affected by the asphalt binder and the mineral aggregate framework. In Figure 6, it is observed that under the same test conditions, HIR-FAM exhibits slightly higher dynamic modulus values compared to HIR-AM, suggesting that HIR-FAM has superior deformation resistance. This can be attributed to the increased adhesion between foam asphalt and the aggregate [53], as well as the denser skeletal structure of HIR-FAM [54]. The dynamic modulus of recycled mixtures decreases with increasing temperature. This is because the viscosity of the asphalt binder gradually decreases at high temperatures, leading to a reduction in the dynamic modulus. An increase in loading frequency enhances the viscosity of the asphalt binder, resulting in a higher dynamic modulus for the mixture. At low temperatures, the phase angle is primarily influenced by the viscosity of the asphalt binder [55]. The high fusion degree and good adhesion between foam asphalt and aged asphalt binder contribute to the relatively high phase angle of HIR-FAM compared to HIR-AM at low temperatures. However, as the temperature increases, the influence of the mineral aggregate framework surpasses the effect of asphalt viscosity, leading to a gradual reduction in the phase angle. Due to the denser framework, HIR-FAM exhibits lower phase angles. The phase angle is higher at low temperatures and lower at high temperatures at the same frequency. This indicates that such mixtures have a stronger resistance to low-frequency loads. Foam asphalt mixtures demonstrate better resistance to low-frequency loads compared to standard hot-mix asphalt mixtures.






4. Assessment of the Application Effectiveness of HIR-FAM


4.1. On-Site Construction


We selected the first maintenance project of the major and medium-sized repair project of the section from Wudi Chengkou to the S236 intersection of the S511 Dacha Line to demonstrate the effect of FA on the compaction characteristics of HIR-AM. The engineering target mix ratio follows the mix ratio in Table 4, and based on the research results, the production mix ratio is determined after adjusting the mixing effect of the pre-mixed materials at the mixing station according to the research results for the target mix ratio, and the final synthesized gradation is shown in Figure 7. HIR-FAM Type Selection FNR, with the optimal asphalt content and rejuvenator content consistent with the target mix ratio.



The test was conducted in June 2023 and involved six main steps. (1) The selected road segment was pre-treated for HIR, which included road closure, removal of road markings, patching damaged road surfaces, and protecting bridge expansion joints Figure 8a. (2) The existing road surface was heated using three heating machines. The surface temperatures reached 150 °C, 180 °C, and 200 °C, fully softening the road surface Figure 8b. (3) An asphalt heating and loosening machine was used to loosen the heated original road surface. During this process, a rejuvenating agent and new FA were sprayed onto the road surface along the centerline, as shown in Figure 8c. The rejuvenating agent was heated to 85 °C, and the FA was heated to 160 ℃. The measured expansion rate was 12, and the half life was 18 s. (4) A 4000-type asphalt mixing plant equipped with an asphalt foaming device was used to produce a new foam asphalt mixture. The aggregate heating temperature was set to 160 °C, the asphalt foaming temperature to 170 °C, and the foaming water content to 1.6%, considering asphalt foaming process parameters and construction conditions. The mixture was transported to the construction site by loading and unloading trucks (Figure 8d). (5) The new asphalt mixture was mixed with the reclaimed asphalt pavement (RAP) using a hot recycling machine. The hot recycling machine further heated the recycled mixture. The final temperature as it dropped into the paver’s hopper was measured at 142 °C (Figure 8e). (6) The recycled mixture was paved and compacted using a paver and three rollers. The temperature of the recycled mixture was maintained at 135 °C during paving and decreased to 85 °C by the end of compaction (Figure 8f). The before-and-after construction states are illustrated in Figure 9, indicating an improvement in the road surface condition after HIR.




4.2. Quality Inspection


To verify the improvement in compaction characteristics of FA on HIR-AM, a nuclear density gauge calibrated by the core drilling method was used to measure the bulk density of the test road for HIR-FAM and the HIR-AM, as shown in Figure 10a. For the HIR-AM test road, except for the addition of ordinary modified asphalt, all other construction parameters were the same as those for the HIR-FAM. To scientifically analyze the compaction status of the on-site measurement points, a compaction degree measurement point layout plan was designed, as shown in Figure 10b. The compaction degree of the recycled pavement was calculated according to Equation (3), and the test results are shown in Figure 11. The results indicate that the compaction degree of the road section using HIR-FAM is on average 0.79% higher than that of the road section using conventional HIR-AM, and it exhibits better uniformity, which is consistent with the conclusions of the indoor test.


  K =     ρ   d       ρ   a     × 100 %  



(3)




where     ρ   d     is the measured density of the asphalt mixture (g/cm3) and     ρ   a     is the maximum theoretical density of the asphalt mixture (g/cm3).





5. Conclusions


To enhance the compaction efficiency of HIR-AM, this paper proposes an HIR technology based on FA. Focusing on the widely used SBS asphalt, the paper systematically investigates the influence of FA on the road performance and compaction quality of HIR-AM, including the FA foaming process, the preparation process of HIR-FAM, and the road performance of the recycled mixture. The findings are validated through practical engineering applications. The main conclusions are as follows.



	(1)

	
The FA foaming test indicated that parameters such as foaming temperature and water content significantly impact the foaming performance of SBS asphalt. There exists a good correlation between the expansion ratio and the half life of SBS asphalt. A foaming temperature of 170 °C achieves a relatively balanced expansion ratio and half life of the FA. Excessively high temperatures can reduce the elasticity of the asphalt film, leading to unstable asphalt foam. Additionally, at the same temperature, an increase in foaming water content results in a continuous increase in the expansion ratio and a gradual decrease in the half life, with the optimal foaming effect observed at 1.7%.




	(2)

	
The test results of percentage air voids for different recycled asphalt mixtures indicate that FA can effectively reduce the percent air voids of the mixture without increasing the mixing temperature. However, the compaction effects vary for different HIR-FAMs, with FNR>FN>FR. This difference may be attributed to a higher proportion of FA in the binder material of the recycled mixture, which leads to better viscosity-reduction effects.




	(3)

	
The performance testing results of recycled asphalt mixtures indicate that, at the same mixing temperature, FNR exhibits improvements in dynamic stability, flexural strength, maximum flexural strain, residual stability, and freeze–thaw splitting strength compared to HNR, with increases of 11.6%, 13.4%, 13.3%, 8.1%, and 8.5%, respectively. Additionally, it shows better resistance to water and heat stability, as well as low-frequency load resistance capabilities.




	(4)

	
Based on the research conducted above, an actual on-site project for HIR was carried out. The compaction quality of the pavement was evaluated through on-site testing using a nuclear density gauge. The results indicate that the compaction degree of the pavement section using HIR-FAM is improved by 0.79% compared to the HIR-AM pavement section, and it exhibits better uniformity. This demonstrates that FA effectively enhances the compaction quality of HIR-AM.







The following limitations exist in this study at present: (1) improvement and optimization of the foaming process, including the use of external modifiers to improve the foaming properties and stability of the foamed asphalt; (2) the effect of the regeneration process on the road performance of HIR-FAM; (3) more in-depth study of the material using microscopic characterization methods.
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Figure 1. Project overview, (a) project location, (b) original road condition, (c) sections utilizing HIR. 
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Figure 2. Research workflow diagram used in this study. 
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Figure 3. Foaming test results: (a) effect of different factors on the foaming properties of bitumen; (b) asphalt foaming behavior curve. 
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Figure 4. Curves of mixing temperature and percentage variation in air voids. 
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Figure 5. Hamburg wheel tracking test results. 
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Figure 6. Effect of different factors on the dynamic modulus and phase angle of recycled mixes. 
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Figure 7. Gradation curve of the production mix ratio for AC-13. 
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Figure 8. Construction process flow. 
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Figure 9. The test road before and after HIR. 
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Figure 10. The compaction degree test: (a) testing equipment; (b) layout plan for measurement points. 
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Figure 11. Results of compaction degree for different processes: (a) HIR-FAM; (b) HIR-AM. 
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Table 1. Technique performance of asphalt.






Table 1. Technique performance of asphalt.





	Testing Parameters
	Test Method
	Technical Requirements
	SBS Asphalt
	Recycled Asphalt





	Penetration (25 °C, 100 g, 5 s)

(0.1 mm)
	T 0604-2011
	40~60
	58.8
	28



	Ductility5 cm/min, 5 °C (cm)
	T 0605-2011
	≥20
	30
	69.1



	Softening point (ring and ball method) (°C)
	T 0606-2011
	≥60
	70
	5.6



	Asphalt content (%)
	T 0725-2011
	-
	-
	4.5










 





Table 2. Test results of mineral aggregates.






Table 2. Test results of mineral aggregates.





	Testing Parameters
	Test Method
	Technical Requirements
	Recycled Aggregate
	New Aggregate





	Crushing value (%)
	T 0316-2005
	≤26
	17.60
	20.88



	Los Angeles abrasion loss (%)
	T 0317-2005
	≤28
	19.02
	21.98



	Apparent relative density(g/cm3)
	T 0304-2005
	≥2.6
	2.715
	2.896



	Water absorption rate (%)
	T 0304-2005
	≤2.0
	0.5
	0.92










 





Table 3. Performance parameters of the recycling agent.
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	Technical Indicators
	Technical Requirements
	Test Results





	60 °C Dynamic viscosity (mm2/s)
	176~900
	251



	Flash point (°C)
	>220
	242



	Saturates (%)
	≤30
	28



	Aromatics (%)
	Measured
	58



	Mass change before and after TFOT (%)
	≤3
	2.6










 





Table 4. Mineral aggregate gradation.
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	Sieve Mesh (mm)
	Ratio (%)
	16
	13.2
	9.5
	4.75
	2.36
	1.18
	0.6
	0.3
	0.15
	0.075





	RAP
	85
	100
	94.8
	77.2
	48.3
	32.7
	24.3
	15.6
	10.9
	8.5
	7.2



	New aggregates
	15
	100
	95.0
	48.6
	39.3
	31.1
	23.8
	15.2
	9.9
	7.9
	6.5



	Standard (%)
	-
	100
	90–100
	68–85
	38–68
	24–50
	15–38
	10–28
	7–20
	5–15
	4–8



	Passing (%)
	-
	100
	94.8
	72.9
	47.0
	32.5
	24.2
	15.5
	10.8
	8.4
	7.1










 





Table 5. Comparison of road performance test results.
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	Test Parameters
	FN
	FR
	FNR
	HNR
	Technical Requirements
	Test Methods





	Dynamic stability (mm)
	5517
	5167
	5590
	4980
	≥2800
	T-0719



	Tensile strength (MPa)
	8.01
	7.13
	8.06
	7.11
	-
	-



	Maximum flexural strain (με)
	2867.9
	2721.0
	2968.3
	2654.1
	≥2500
	T-0715



	Residual stability (%)
	92.5
	86.8
	92.7
	85.2
	≥85
	T-0709



	Freeze–thaw split strength ratio (%)
	82.9
	80.7
	84.0
	80.1
	≥80
	T-0729
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