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Abstract

:

Polyphosphoric acid (PPA) and styrene–butadiene–styrene (SBS) were adopted to produce PPA-SBS-modified bio-blend bitumen, which achieved excellent mechanical performance. However, its long-range performance, such as the fatigue and thermal cracking behavior under long-term thermal oxidation, is not well understood. Therefore, a pressure aging vessel (PAV) system was applied to simulate the aging behavior of the bitumen under the action of thermal oxidation. Then, a linear amplitude sweep (LAS) test combined with a viscoelastic continuum damage (VECD) model was applied to investigate the fatigue properties of the bitumen. Moreover, a bending beam rheometer (BBR) test was conducted to evaluate the thermal cracking resistance of the bitumen before and after PAV aging. Meanwhile, an atomic force microscope (AFM) was applied to observe the microscopic topography. The results show that the original compound-modified bitumen can bear more fatigue damage than that of the control bitumen at the failure point, and it also has excellent fatigue resistance at 2.5%, 5%, 7.5%, and 10% applied strain. Moreover, the VECD model can accurately predict the fatigue life of the bitumen under different applied strains. The variation ratio of stiffness modulus for the compound-modified bitumen is below that of the control bitumen after PAV aging, so it shows a better anti-aging performance. Finally, the AFM test shows that PPA and bio-bitumen decrease the heterogeneity of the bitumen, reducing the difference between phases.
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1. Introduction


Bitumen (which is called asphalt in the US) has become the main cementing material for road construction in terms of its excellent performance and easy maintenance [1,2]. Meanwhile, with the construction and maintenance of pavement, the demand for bitumen is still very huge [3]. However, bitumen is a non-regenerated resource. Therefore, with the consumption of crude oil, the lack of bitumen will have a huge adverse impact on road construction.



At the same time, biomass-regenerated materials have the advantages of environmental protection and sustainability [4], and the materials are possibly regenerated from grass [5], straw [6], manure [7], waste wood, and food scraps [8]. Therefore, it has gradually become the research hotspot of new pavement cementitious materials. Moreover, the usage of regenerated bio-materials in road construction can not only promote sustainability but also provide an effective way to dispose of biomass waste. Hence, bio-bitumen has a promising prospect under the background of advocating green and sustainable development. However, the inherent defects of the bio-bitumen are a direct obstacle to its usage in road engineering [9,10,11]. Therefore, how to improve its mechanical properties has become an urgent technical problem in the application of bio-bitumen. The previous research confirmed the three-dimensional elastic network of SBS and the reaction between PPA and bio-bitumen, improving the performance of the compound-modified bitumen and making the usage of the bio-bitumen possible [12,13,14]. However, there are few studies to investigate the long-range behaviors of compound-modified bitumen, although the long-term performance of bitumen mainly determines the lifetime and maintenance cost of the road, especially the fatigue resistance and low-temperature performance during the long-term service, so the fatigue and thermal cracking behavior under thermal oxidation are not well understood.



Fatigue and low-temperature cracking are the main causes of bitumen pavement failure. In the mixture system, using bitumen as the binder, its resistance to fatigue and low-temperature creep are particularly important [15]. In addition, the aging of bitumen has a significant effect on its anti-fatigue and thermal cracking properties [16,17,18]. In the early stage, SHRP proposed the use of fatigue factor (   G ∗  ⋅ sin δ  ) to characterize the anti-fatigue performance of bitumen. However, there are some differences in load conditions between the sweep test using a dynamic shear rheometer and the actual field. Therefore, the researchers believe that they cannot accurately characterize the anti-fatigue properties of bituminous materials [19]. To this end, Johnson et al. proposed the LAS test. Compared with the traditional    G ∗  ⋅ sin δ  , the loading cycles to failure (Nf) proposed by the LAS test have better accuracy and practicability [20,21,22]. Many studies have been conducted on bitumen binders using the LAS test. Liu et al. found that 2% polyphosphoric acid +2% waste engine oil and 1% poly-phosphoric acid +4% waste engine oil could increase the Nf of bitumen by 1000% and 1150%. Meanwhile, the combination of PPA and waste engine oil could also improve the self-healing ability of bitumen [23]. Yan et al. used the LAS test to explore the fatigue resistance of seven kinds of modified bitumen and found that the thermos-plastic elastomer modified bitumen has better fatigue resistance [24]. Although the fatigue and thermal cracking resistance of the bitumen under long-term aging effects have a great influence on service performance and life-cycle cost, there are few studies to characterize these properties. In addition, it is important to explore the perennial performance of bitumen for booting its practical usage in road construction.



To address this concern, the LAS test and BBR test were used to investigate the fatigue resistance at medium temperature and crack resistance at a low temperature of the bitumen before and after long-term aging. At the same time, AFM was used to investigate the microtopography of the bitumen and bitumen after long-term aging. This study contributed to providing support for the application and reference for performance optimization of PPA/SBS compound-modified bio-blend bitumen and also provides a reference for the research and development of similar sustainable high-performance materials and long-term performance verification.




2. Raw Materials and Experimental Methods


2.1. Raw Materials


The petroleum bitumen (PAS), Sehll-90, from Shell Bitumen Company (Tian Jing, China), was obtained as base bitumen. The technical properties are as follows: penetration: 86.6 dmm (25 °C, ASTM D 5); ductility: 69.3 cm (10 °C, ASTM D 113); softening point: 46.4 °C (ASTM D 36); and rotational viscosity: 440 mP·s (ASTM D 4402). The bio-bitumen (BAS) is regenerated from straw by fermentation and hydrogenation, and its technical properties are as follows: relative density: 1.240 g/cm3 (25 °C, ASTM D 70); kinematic viscosity: 240 mm2/s (ASTM D 2170); pour point: 24 °C (ASTM D 97); and flash point: 265 °C (ASTM D 92). The PPA used in this research is industrial grade and have relative H3PO4 content of 115%. The copolymer used in this study is a linear styrene-butadiene-styrene with 30/70 block ratio.




2.2. Sample Preparation


First, the PAS and BAS were heated to 145 °C, and they were preblended to create two kinds of sufficiently homogeneous bio-blend bitumens, which are 90% PAS: 10% BAS (BBB1) and 85% PAS: 15% BAS (BBB2). Secondly, the PAS and BAS mixture (latterly called bio-blend bitumen) was heated to 175 °C. Then, the SBS modifier was poured into the bio-blend bitumen and mixed at 5000 rpm for 40 min using a high-speed shearing machine (a stabilizer was added to control group in the final 10 min). Thirdly, the PPA was poured slowly into the molten mixture and sheared for 30 min at the same conditions (the control bitumen was sheared without adding PPA). Finally, the well-homogenized compound-modified bitumen was developed at 175 ± 5 °C for 1 h in an oven.



The blending schemes of the compound-modified bitumen are as follows: the control bitumen consisted of 4% SBS and 100% PAS (A1). There are three blending schemes of compound-modified bio-blend bitumen, BBB1 plus 0.5% PPA and 3.5% SBS (A2), BBB1 plus 1% PPA and 3% SBS (A3), and BBB2 plus 1.5% PPA and 2.5% SBS (A4), which are obtained from our previous research [13,14]. Figure 1 and Figure 2 are diagrams of the preparation methods and flowchart of the research, respectively.




2.3. Experimental Methods


2.3.1. Long-Term Aging Process


A PAV system (Model 9300 from Prentex, Sunnyville, TX, USA) was used to characterize the qualitative changes of bitumen during long-term service. The test was conducted according to ASTM D 6521. Firstly, the bitumens were treated by a thin film oven at 163 °C for 5 h. Next, the residues were aged for 20 h in the PAV system. The temperature was 100 °C, and the pressure was 2.1 MPa.




2.3.2. Dynamic Shear Frequency Sweep Test


Frequency sweep test was first applied to each bitumen sample using a dynamic shear rheometer (AR1500ex from TA Instruments, New Castle, DE, USA) with an 8 mm parallel plate and 2 mm gap. The test was conducted according to AASHTO TP 101-14 at 25 °C. The shear strain was controlled at 0.1%, and the frequencies were 0.2, 0.4, 0.6, 0.8, 1, 2, 4, 6, 8, 10, 20, and 30 Hz.




2.3.3. Amplitude Strain Sweep Test


Amplitude strain sweep test is a method used to simulate the fatigue behavior of bitumen at medium temperature. The test temperature, equipment, and standard are the same as the frequency sweep test, but the shear strain is first increased from 0.1% to 1% and then linearly increased from 1% to 30% at a frequency of 10 Hz.




2.3.4. Fatigue Properties Based on the VECD Model


The fatigue properties were calculated based on VECD theory according to the following steps [25].




	
Performance parameter α was used to evaluate the stress sensitivity of the undamaged sample. Firstly, the energy storage modulus was calculated according to Equation (1) through the phase angle and complex modulus recorded during the frequency sweep test. Then, the slope m-value and intercept b-value were obtained by fitting Equation (2). Finally, α was calculated by Equation (3).


   G ′   ω  =  G ∗   ω  cos δ  ω   



(1)






  lg  G ′   ω   = mlg  ω  + b   



(2)






  α =  1 m   



(3)







	
The damage intensity D(t) was used to evaluate the accumulated damage of the bitumens during the oscillating stress. And it was calculated according to Equation (4).


  D ( t ) ≅     ∑  i = 1  N     π  γ 0 2     C  i − 1   −  C i           α  1 + α       (  t i  −  t  i − 1   )    1  1 + α      



(4)






  C ( t ) =    G ∗  ( t )    G 0 ∗     



(5)




where   C ( t )   is the integrity index of the specimen over time;    γ 0    is the strain applied; t is the time over the test; and    G 0 ∗    is the initial complex modulus of the material.








   C 1   ,    C 2   , were fitted according to Equations (6) and (7).


  C  t  =  C 0  −  C 1  D   ( t )    C 2     



(6)






  lg (  C 0  − C ( t ) ) = lg  C 1  +  C 2  lg D ( t )  



(7)




where    C 0    is the initial integrity index of the material.




	3.

	
Damage accumulation (Df) was used to evaluate bearing capacity of fatigue damage of the bitumens.









In the early stage, Johnson et al. [25,26] and AASHTO TP 101-12 suggested that the cumulative damage when the integrity index of the specimen is reduced by 35% is taken as the failure point of the specimen. With the deepening of the research on bitumen fatigue behavior, Bahia and AASHTO TP 101-14 suggested that the cumulative damage corresponding to the peak shear stress should be taken as the failure point [27]. Therefore, this method is also adopted in this study, and the failure point (Df) of the specimens was calculated according to Equation (8).


   D f  =        C 0  −  C  p e a k      C 1         1   C 2       



(8)




where    C  p e a k     is the integrity index corresponding to the peak shear stress of the material.




	4.

	
Finally, the loading cycles to failure (Nf) of each specimen were calculated according to Equation (9).


   N f  = A  γ  − B    



(9)






  A =   f      D f      1 + ( 1 −  C 2  ) α     ( 1 + ( 1 −  C 2  ) α )   ( π  C 1   C 2  )  α     



(10)






  B = 2 α  



(11)




where f is the frequency, 10 Hz.









The specific operation of LAS test was carried out according to AASHTO TP 101-14 at 25 °C using a parallel plate with diameters of 8 mm and gap of 2 mm [25].




2.3.5. Bending Beam Rheometer (BBR)


The low-temperature properties of original bitumens and bitumens after PAV aging were investigated using BBR test according to ASTM D 6648. The creep deformation of the specimen under a constant load of 980 ± 50 mN was recorded at −12 °C, −18 °C, and −24 °C, respectively. Then, the stiffness modulus and its variation rate (m-value) of the specimen at 60 s were adopted as the thermal cracking properties to characterize low-temperature creep of the compound-modified bitumens.




2.3.6. Atomic Force Microscopic (AFM)


Many studies have indicated that the microscopic surface flatness is related to the intermolecular homogeneity of bitumen [28,29,30]. Therefore, an AFM (FastScan from BRUKER, Billerica, MA, USA,) was applied to observe the microtopography of the compound-modified bitumens. The molten bitumen was poured into a metal container with an inner diameter of 16 mm and a height of 3.5 mm; Then, the specimen was swept by tapping mode within an area of 15 μm × 15 μm. Finally, topography process was carried out with NanoScope version 1.4 analysis software.






3. Results and Discussion


3.1. Analysis of Frequency Sweep Test


Figure 3 shows the frequency sweep test results of each bitumen. As can be seen from Figure 3a, at a lower shear frequency, A2 has the lowest complex modulus, while A4 has no significant difference with A1, and A3 is the largest but does not show a significant difference on the whole. With the increase of frequency, the complex modulus of the bitumens gradually increases, and the difference of the complex modulus between the four bitumens also increases obviously, but the variation trend is the same as that at the lower frequency. Our previous studies have shown that PPA and bio-bitumen can be esterified so that they can provide certain mechanical properties [12,13,14]. Therefore, A2 does not have enough esterification products to compensate for the loss of mechanical strength while reducing SBS content, so its complex modulus is lower than A1. Although the SBS content of A4 is the lowest, the comprehensive content of PPA and bio-bitumen is the highest, so the complex modulus of A4 is not obviously below that of A1. In addition, A3 has the highest complex modulus, which can be attributed to it having an optimal mix scheme of SBS, bio-bitumen, and PPA, so it has the largest complex modulus at any frequency.



The complex moduli for each bitumen after PAV aging are shown in Figure 3b. After PAV aging, the complex moduli of each bitumen increase significantly. In addition, the increasing rates for the compound-modified bitumen are larger than that of the control bitumen. The reason can be attributed to the fact that bio-bitumen contains a larger amount of light components, and it is volatilized and condensed under the action of high temperature and oxygen, so their complex moduli are significantly increased. The variation trend and difference of complex modulus of the three compound-modified bitumens are roughly the same as that of their original bitumens.




3.2. Analysis of Stress–Strain Relationship in Amplitude Strain Sweep Test


Figure 4 shows the stress–strain curves of LAS tests of each bitumen. As for the original bitumen, the maximum shear stress of the three compound-modified bitumens was lower than that of the control bitumen. Among them, A2 has the largest reduction rate, which is 25% lower than that of A1, followed by A4 and A3, which are 13% and 6.25% lower than that of A1, respectively. The reason for the lower reduction rate of A3 and A4 may be that the esterification products of PPA and bio-bitumen provide certain mechanical strength. While A3 has a better proportion of PPA, BA, and SBS, the esterification products and SBS synergistically provide better mechanical strength, resulting in A3 having less reduction rate of the maximum shear stress than A1.



It is worth noting that the bitumens can still recover the positive stress–strain relationship after obvious fatigue failure, and with the increase of strain, the shear stress gradually exceeds or equals the maximum shear stress before fatigue failure. The shadow part in the stress–strain curve is the marked fatigue failure zone, which is defined as the region consisting of the maximum shear stress point before the fatigue failure and the minimum shear stress point. Therefore, it is speculated that the fatigue failure of the SBS and compound-modified bitumen in this study may be composed of three aspects: (1) stress fatigue of SBS elastomer under oscillatory shear stress, (2) fatigue failure of bitumen, and (3) fatigue failure of esterification products of PPA and bio-bitumen. Specifically, at the initial stage of fatigue failure, SBS, bitumen, and esterification products jointly provide mechanical strength. However, as the fatigue failure of the inelastic phase of bitumen tends to be complete, the proportion of mechanical strength provided by the inelastic phase decreases significantly. At this time, SBS are dominant, so the stress–strain curve of the specimen recovers a positive correlation, but the slope is below that of the initial stage.



Moreover, the esterification products of PPA and bio-bitumen have a certain alleviating effect on the fatigue failure of compound-modified bitumen. The minimum shear stress of the SBS control group is reduced by 28.2% compared with the peak shear stress. In contrast, A2 and A3 are 16.3% and 25.9%, respectively, while A4 may have a large reduction of 32.9% due to the lower content of SBS. The fatigue failure of the four bitumens starts at a strain point of 9% but stops at different strain points. The fatigue failure interval of A1 is from 9% to 17%, A2 is from 10% to 14%, A3 is from 10% to 18%, and A4 is from 8% to 12%. The reasons may be as follows: PPA is grafted onto bio-bitumen through an esterification reaction, thus improving the crosslinking effect between molecules in bitumen. At the same time, the collaborative spatial network of SBS makes the fatigue failure of A2 smaller and tends to be complete earlier, so its failure strain interval is smaller. However, the alleviating effect of the elastic spatial network on fatigue failure decreases along with the reduction of SBS concentration, so the fatigue failure of A3 increases, and the failure strain interval increases. With the ulteriorly decrease of SBS concentration, the alleviating effect of the elastic spatial network on fatigue failure is significantly reduced, resulting in the increase of the fatigue failure of the inelastic phase of A4 and tends to be complete in the lower strain range.



For the PAV-aged bitumen, the peak shear stress and stress reduction rate (i.e., the height of the fatigue failure zone in the stress–strain curve) of the four bitumens are significantly higher than those of the original bitumen. In addition, the fatigue failure zone of the four bitumens after aging with PAV is different. Firstly, the difference between the stress reduction rate of the compound-modified bitumen and the stress reduction rate of A1 is not as significant as the original bitumen, but the overall variation trend is similar to the original bitumen. Secondly, the strain interval of fatigue failure of the compound-modified bitumen shows an increasing trend after PAV aging.




3.3. Analysis of Fatigue Properties in VECD Theory


3.3.1. Analysis of VECD Curve


Figure 5 shows the VECD curves of each bitumen. When C = 1, it indicates that the specimen has not been damaged; when C = 0, it indicates that the specimen has been completely damaged [25,31,32]. As for the original bitumen, the cumulative damage intensity (D) of A2 and A3 under the same integrity parameter (C) is not significantly different from that of A1, while the D-value of A4 after C = 0.6 is significantly lower than that of A1. It is worth noting that the C-value of the four bitumens under the maximum D-value condition is still not zero, indicating that the specimen is not completely failing. Moreover, the C-value of the compound-modified bitumen under the maximum D-value is slightly greater than A1 (corresponding to the esterification products that have a certain protective effect on the fatigue damage of SBS). Moreover, the maximum D-value of the compound-modified bitumen is slightly smaller than that of A1. This might be attributed to the mechanical strength afforded by the esterification products of PPA and BAS. Among them, the maximum D-value of A2 is 232, A3 is 253, and A4 is 208. Combined with the stress–strain curves of the bitumens, it can be inferred that the maximum cumulative damage may be related to the strain interval of the fatigue failure zone. Specifically, A1 and A3 have larger fatigue failure strain intervals, so their maximum D-values are larger, while A2 and A4 have smaller fatigue failure strain intervals, so their maximum D-values are smaller. Meanwhile, although A4 and A2 have the same interval of failure strain, the maximum D-value of A4 is still smaller than that of A2, which may be attributed to the smaller failure strain of A4.



After PAV aging, the C-value of the four bitumens is significantly reduced, and its lowest value is close to zero, indicating that fatigue failure has occurred completely. It is different from A1 that the maximum D-value of the compound-modified bitumens is larger than that of their unaged bitumen, indicating the compound-modified bitumen bore more fatigue damage. However, some researchers believe that it is still difficult to evaluate the fatigue performance of different bitumen materials simply through the VECD curve [31,32]. Therefore, the damage accumulation (Df) is introduced to further discuss the anti-fatigue property of the compound-modified bitumen binder.




3.3.2. Analysis of Damage Accumulation


The damage accumulation at fatigue failure (Df) of each bitumen is shown in Figure 6. For unaged samples, Df-values of A2 and A3 are higher than that of A1, while A4 is slightly lower than A1, which corresponds to the variation of the stress reduction rate of the bitumen in the stress–strain curve. The larger Df-value means that the bitumen specimens can withstand more damage before fatigue failure. Therefore, the esterification products of PPA and bio-bitumen can improve the resistance to fatigue damage to a certain extent. However, the Df-value of A4 is lower than that of A1, and this may be because of the lower SBS content.



After PAV aging, the Df-value of A1 is higher than that of its original bitumen, while the Df-value of the compound-modified bitumen is below that of the original bitumens, and A2 and A3 decrease the most. Long-term aging leads to the agglomeration of bitumen molecules, which results in the hardening of bitumen and significantly increased modulus [33,34]. However, there are many light components in the bio-bitumen used in this study, so the volatilization and agglomeration of light components after long-term aging led to the reduction of fatigue damage tolerance of the compound-modified bitumens. However, due to the high content of PPA and bio-bitumen, the esterification products have a certain alleviating effect on the Df-value reduction of A4. Therefore, the Df-value of A4 after PAV aging is only slightly smaller than that of its original bitumen.




3.3.3. Analysis of the Strain Sensitivity Parameter


The strain sensitivity parameter (B-value) of each bitumen is shown in Figure 7. It can be seen from Equation (9) that B-value represents the sensitivity of loading cycles to failure (Nf) to strain. The larger B-value is, the more sensitive the material is, which may result in a lower Nf. Before aging, the B-value of the compound-modified bitumen is slightly lower than that of the A1, indicating that the esterification of PPA and bio-bitumen reduce the strain sensitivity of the bitumen. After PAV aging, the bitumens hardened and became brittle, resulting in the B-value of the four bitumens increasing significantly. Moreover, the increment in the B-value of the compound-modified bitumens is larger than that of A1, indicating that the fatigue life of the compound-modified bitumens is more sensitive to applied strain.




3.3.4. Analysis of Fatigue Life


Figure 8 shows the loading cycles to failure (Nf) of the original bitumen and bitumen processed by PAV aging under different applied strains. As can be seen from the figure, with the gradual increase of applied strain, the Nf of each bitumen decreases significantly, indicating that the increase of strain level significantly aggravates the fatigue damage inside the bitumen. As for the original bitumen, the fatigue life of A2 and A3 is higher than that of A1 at any applied strain level, which also indicates that the esterification produced by the reaction of PPA and bio-bitumen plays a positive role in improving the fatigue life of bitumen. The fatigue life of A4 is significantly reduced; this can also be attributed to the low content of SBS.



At a lower applied strain (2.5%), the Nf of the bitumens after PAV aging is significantly higher than that of their original bitumen. The reason may be that bitumen condenses after PAV aging so as to intensify intermolecular forces, resulting in less fatigue damage of the bitumens under the condition of a lower applied strain level. However, with the increase of applied strain, the Nf-value of the PAV-aged bitumens decreases significantly. Meanwhile, the reduction of the Nf-value of the compound-modified bitumens after PAV aging is obviously larger than that of A1, indicating the compound-modified bitumens have poor fatigue resistance after long-term aging under the condition of larger applied strain, which is consistent with the results of B-value. However, long-term aging has little effect on A4 with higher PPA and bio-bitumen content, and the Nf of A4 is significantly lower than that of its original bitumen, only at 10% applied strain. The reasons may be as follows: (1) the SBS content of A4 is lower, and PAV aging further reduces its immediate elastic recovery, as shown in our previous research; (2) although the esterification produced by the reaction of PPA and bio-bitumen provides a part of the mechanical strength by improving the crosslinking effect between molecules, it is mainly composed of simple single bonds and intermolecular forces, so the fatigue-damage resistance is poor under larger applied strain.



In order to further explore the relationship between Nf and the applied strain of each bitumen and to accurately predict the fatigue life of the compound-modified bitumen, the linear fitting of applied strain and Nf was carried out using double logarithmic coordinates, as shown in Figure 9. The fitting results and predicting equations are listed in Table 1.



The slope of the predicting equation can represent the strain sensitivity. A larger slope means the sample is more sensitive to the increase of applied strain and the lower the Nf. By comparing the slope of the predicting equation of the unaged samples, it is revealed that the slope of the compound-modified bitumens is below that of A1, and its variation trend corresponds with the B-value, which also indicates that the predicting equation can accurately characterize the fatigue properties of the bitumens. After PAV aging, the slope of each predicting equation is significantly improved, and the improvement of the compound-modified bitumen is larger, which is consistent with the previous analysis.



In summary, the esterification products of PPA and BAS have a positive effect on the improvement of fatigue resistance of the bitumens under the condition of small applied strain, but its fatigue resistance is poor under the condition of larger applied strain. Therefore, the application of compound-modified bitumen is more inclined to the road and has high design speed and low generated strain.





3.4. Analysis of the BBR Test


The S- and m-value of each bitumen at different temperatures are shown in Table 2. As for original bitumen, the S-value of each group increased significantly with the decrease in temperature, while the m-value decreased gradually. The reason may be that the high content of light components that has higher glass transition temperature in bio-bitumen leads to the decrease of the low-temperature creep capacity of the compound-modified bitumens [35,36]. However, the S-value of the compound-modified bitumens did not further increase with the decrease in SBS concentration. Specifically, the SBS concentration of A3 was reduced by 25% compared with A2, but the S-value of A3 was not obviously increased compared with that of A2, and this variation also exists between A4 and A3. Therefore, it can be speculated that the esterification crosslinking of PPA and bio-bitumen leads to the form of the crosslinking network structure between molecules [37], which improves delay elasticity of the compound-modified bitumens, and reduces the negative effect of glass transition of light components in PAS and BAS on the thermal cracking resistance of the compound-modified bitumens.



Figure 10 shows the stiffness modulus and variation rate of the bitumens after PAV aging. PAV aging significantly increased the S-value and decreased the m-value of all the bitumens. Among them, the S-value of A4 exceeded 1000 MPa at −24 °C. It does not meet the requirement of ASTM D 6648 for flexural creep stiffness values of measured materials need to be in the range of 20 MPa to 1 GPa. In addition, the S-value of the compound-modified bitumen was significantly larger than that of A1 at all temperatures, but the variation rate of the S-value for A2, A3, and A4 after PAV aging was below that of A1, which indicates that the esterification crosslinking of PPA and bio-bitumen improves the long-term aging resistance of the compound-modified bitumen at low-temperature.




3.5. Analysis of AFM Topography


The topography of the original bitumen has been discussed in detail and at great length in our previous research. Therefore, this paper presents only the main conclusion that the addition of bio-bitumen decreases the intermolecular heterogeneity of the compound-modified bitumen. Moreover, cracks tend to occur at the interface of phase to phase, so the greater the phase splitting, the worse the cracking resistance of the material [38]. Hence, the Nf -value of the unaged compound-modified bitumen in the LAS test is higher than that of the control bitumen.



By comparing the surface topography of A2 before and after PAV aging in Figure 11, it is found that obvious contour embraces the periphery of the bee-like structure after aging, which indicates that aging improves the difference of the properties for the interface between the bee-like structure phase and the continuous phase. Hence, the fatigue and thermal cracking resistance of A2 decreased after PAV aging, which corresponds to the test results of LAS. However, the phase separation was reduced in A4 due to the increase of bio-bitumen and PPA concentration, and this contour also decreased significantly in A3, indicating that the addition of bio-bitumen and PPA reduces the intermolecular heterogeneity of the compound-modified bitumen. Similarly, in the LAS test, A3 and A4 have a lower reduction rate of Nf -value than that of A2 after PAV aging.





4. Conclusions


To characterize the fatigue and thermal cracking properties of the environmentally friendly and sustainable bitumen material before and after the long-term thermal-oxidative effect, a linear amplitude sweep test was carried out based on the VECD model. In this way, the fatigue properties of PPA-SBS-modified bio-blend bitumen under various applied strains were studied. Moreover, the BBR test was adopted to investigate the thermal-creep properties of the bitumen and bitumen after PAV aging. The conclusions have been drawn are as follows:




	
Under the action of esterification crosslinking of PPA and bio-bitumen, the compound-modified bitumen can bear more damage. In addition, the fatigue damages of A2 and A3 are greater than that of the control bitumen at the failure point, but after long-term aging, the damage-bearing capacity of the compound-modified bitumen is significantly reduced;



	
The Nf-value of unaged A2 and A3 at 2.5%, 5%, 7.5%, and 10% strains are higher than that of the control bitumen, which shows that the esterification produced by the reaction of PPA and bio-bitumen can effectively improve the fatigue life of the unaged bitumen. However, after long-term aging, the fatigue life of bitumens is only improved under the condition of small applied strain (2.5%);



	
The low-temperature performance of the compound-modified bitumen does not deteriorate further with the decrease in SBS content. Therefore, the esterification and crosslinking of PPA and bio-bitumen have positive effects on the low-temperature properties. The variation rate of the S-value for the compound-modified bitumen after PAV aging is significantly below that of the control bitumen, which means the compound-modified bitumen has better anti-aging performance in the BBR test;



	
After long-term aging, the surface morphology of the control bitumen is rough, which shows that the intermolecular heterogeneity increases significantly. In contrast, the surface topography of the compound-modified bitumen is relatively flat, but the number of its bee-like structure is increased. In addition, combined with the results of the medium linear amplitude test, it can be posited that PPA and bio-bitumen can delay the influence of aging on the fatigue life of compound-modified bitumen;



	
The esterified crosslinking provided by PPA and bio-bitumen has a benefit on the mechanical properties of bitumen, and it has been justified. However, the modification mechanism that we currently understand is superficial. Therefore, subsequent research should focus on the underlying mechanism and model establishment of the compound-modified bitumen.












Author Contributions


Conceptualization, H.W. and Z.D.; Software, G.L. and X.L.; Formal analysis, G.L.; Investigation, G.L.; Writing – original draft, G.L., X.L. and C.Y.; Supervision, Z.D.; Project administration, H.W.; Funding acquisition, H.W. All authors have read and agreed to the published version of the manuscript.




Funding


The research was funded by the science and technology plan project of Guangxi (Grant No. Guike AD21238001). National Science Foundation of Guangxi Province (Grant No. 2021GXNSFAA220134).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhu, D.; Kong, L. Laboratory evaluation of carbon nanotubes modified bio-asphalt. Case Stud. Constr. Mater. 2023, 18, e01944. [Google Scholar] [CrossRef]

	



Wang, J.; Lv, S.; Liu, J.; Peng, X.; Lu, W.; Wang, Z.; Xie, N. Performance evaluation of aged asphalt rejuvenated with various bio-oils based on rheological property index. J. Clean. Prod. 2023, 385, 135593. [Google Scholar] [CrossRef]

	



Ju, Z.; Ge, D.; Wu, Z.; Xue, Y.; Lv, S.; Li, Y.; Fan, X. The performance evaluation of high content bio-asphalt modified with polyphosphoric acid. Constr. Build. Mater. 2022, 361, 129593. [Google Scholar] [CrossRef]

	



Behnood, A.; Olek, J. Rheological properties of asphalt binders modified with styrene-butadiene-styrene (SBS), ground tire rubber (GTR), or polyphosphoric acid (PPA). Constr. Build. Mater. 2017, 151, 464–478. [Google Scholar] [CrossRef]

	



Zhang, Z.; Fang, Y.; Yang, J.; Li, X. A comprehensive review of bio-oil, bio-binder and bio-asphalt materials: Their source, composition, preparation and performance. J. Traffic Transp. Eng. (Engl. Ed.) 2022, 9, 151–166. [Google Scholar] [CrossRef]

	



Yadykova, A.Y.; Ilyin, S.O. Bitumen improvement with bio-oil and natural or organomodified montmorillonite: Structure, rheology, and adhesion of composite asphalt binders. Constr. Build. Mater. 2023, 364, 129919. [Google Scholar] [CrossRef]

	



Su, N.; Xiao, F.; Wang, J.; Cong, L.; Amirkhanian, S. Productions and applications of bio-asphalts—A review. Constr. Build. Mater. 2018, 183, 578–591. [Google Scholar] [CrossRef]

	



Yadykova, A.Y.; Ilyin, S.O. Rheological and adhesive properties of nanocomposite bitumen binders based on hydrophilic or hydrophobic silica and modified with bio-oil. Constr. Build. Mater. 2022, 342, 127946. [Google Scholar] [CrossRef]

	



Sun, B.; Zhou, X. Diffusion and Rheological Properties of Asphalt Modified by Bio-Oil Regenerant Derived from Waste Wood. J. Mater. Civ. Eng. 2018, 30, 04017274. [Google Scholar] [CrossRef]

	



Mohamed, R.; Williams, R. Temperature and Shear Susceptibility of a Nonpetroleum Binder as a Pavement Material. Transp. Res. Rec. J. Transp. Res. Board 2010, 2180, 9–18. [Google Scholar]

	



Mills-Beale, J.; You, Z.; Fini, E.; Zada, B.; Lee, C.H.; Yap, Y.K. Aging Influence on Rheology Properties of Petroleum-Based Asphalt Modified with Biobinder. J. Mater. Civ. Eng. 2014, 26, 358–366. [Google Scholar] [CrossRef]

	



Yang, X.; Liu, G.; Zhang, H.; Meng, Y.; Peng, C.; He, X.; Liang, J. Aging behavior of polyphosphoric acid/styrene-butadiene-styrene-modified bio-mixed asphalt based on high-temperature rheological properties and microscopic mechanism. Constr. Build. Mater. 2023, 389, 131691. [Google Scholar] [CrossRef]

	



Liu, G.; Zhang, W.; Yang, X.; Ning, Z. Study on the Conventional Performance and Microscopic Properties of PPA/SBS-Modified Bio-Mixed Asphalt. Materials 2022, 15, 4101. [Google Scholar] [CrossRef]

	



Yang, X.; Liu, G.; Rong, H.; Meng, Y.; Peng, C.; Pan, M.; Ning, Z.; Wang, G. Investigation on mechanism and rheological properties of Bio-asphalt/PPA/SBS modified asphalt. Constr. Build. Mater. 2022, 347, 128599. [Google Scholar] [CrossRef]

	



de Oliveira, L.S.; da Silva, L.S.V.; Lucas Júnior, J.L.O.; Babadopulos, L.F.d.A.L.; Soares, J.B. Linear viscoelasticity and fatigue life: Relationships between properties of asphalt binders and corresponding mixtures. Constr. Build. Mater. 2023, 372, 130685. [Google Scholar] [CrossRef]

	



Cao, W.; Wang, Y.; Wang, C. Fatigue characterization of bio-modified asphalt binders under various laboratory aging conditions. Constr. Build. Mater. 2019, 208, 686–696. [Google Scholar] [CrossRef]

	



Gao, J.; Wang, H.; You, Z.; Mohd Hasan, M.R. Research on properties of bio-asphalt binders based on time and frequency sweep test. Constr. Build. Mater. 2018, 160, 786–793. [Google Scholar] [CrossRef]

	



Ramón, R.; Anton, S.; Juan, J.P.; Maria, E.M.; Marisol, B.; Esteban, G.; Victorio, J. Rheological aspects of the rejuvenation of aged bitumen. Rheol. Acta Int. J. Rheol. 2006, 45, 474–478. [Google Scholar]

	



Sabouri, M.; Mirzaiyan, D.; Moniri, A. Effectiveness of Linear Amplitude Sweep (LAS) asphalt binder test in predicting asphalt mixtures fatigue performance. Constr. Build. Mater. 2018, 171, 281–290. [Google Scholar] [CrossRef]

	



Yue, M.; Yue, J.; Wang, R.; Xiong, Y. Evaluating the fatigue characteristics and healing potential of asphalt binder modified with Sasobit® and polymers using linear amplitude sweep test. Constr. Build. Mater. 2021, 289, 123054. [Google Scholar] [CrossRef]

	



Nan, H.; Sun, Y.; Chen, J.; Gong, M. Investigation of fatigue performance of asphalt binders containing SBS and CR through TS and LAS tests. Constr. Build. Mater. 2022, 361, 129651. [Google Scholar] [CrossRef]

	



Wang, C. Rheological Characterization on Paving Performance of Asphalt Binder. Ph.D. Thesis, Beijing University of Technology, Beijing, China, 2015. (In Chinese). [Google Scholar]

	



Liu, Z.; Li, S.; Wang, Y. Waste engine oil and polyphosphoric acid enhanced the sustainable self-healing of asphalt binder and its fatigue behavior. J. Clean. Prod. 2022, 339, 130767. [Google Scholar] [CrossRef]

	



Yan, C.; Yuan, L.; Yu, X.; Ji, S.; Zhou, Z. Characterizing the fatigue resistance of multiple modified asphalts using time sweep test, LAS test and elastic recovery test. Constr. Build. Mater. 2022, 322, 125806. [Google Scholar] [CrossRef]

	



Singh, D.; Ashish, P.K.; Kataware, A.; Habal, A. Evaluating Performance of PPA-and-Elvaloy-Modified Binder Containing WMA Additives and Lime Using MSCR and LAS Tests. J. Mater. Civ. Eng. 2017, 29, 04017064. [Google Scholar] [CrossRef]

	



Johnson, C.M. Estimating Asphalt Binder Fatigue Resistance Using an Accelerated Test Method. Ph.D. Thesis, University of Wisconsin, Madison, WI, USA, 2010. [Google Scholar]

	



Bahia, H.; Motamed, A.; Delgadillo, R. Field Validation of Wisconsin Modified Binder Selection Guidelines; Wisconsin Highway Research Program: Madison, WI, USA, 2007. [Google Scholar]

	



Loeber, L.; Sutton, O.; Morel, J.; Valleton, J.M.; Muller, G. New direct observations of asphalts and asphalt binders by scanning electron microscopy and atomic force microscopy. J. Microsc. 1996, 182, 32–39. [Google Scholar] [CrossRef]

	



Yang, J.; Gong, M.; Troy, P.; Wei, J.; Wang, X. Study on micro-structures of asphalt by using atomic force microscopy. Acta Pet. Sin. (Pet. Process. Sect.) 2015, 31, 959–965. [Google Scholar]

	



Yang, J.; Wang, X.; Gong, M.; Chen, X.; Jiao, L. Analysis of the microscopic image of asphalt getting from atomic force microscopy. Acta Pet. Sin. (Pet. Process. Sect.) 2015, 31, 1110–1115. [Google Scholar]

	



Guo, B.; Jia, X.; Zhang, H.; Liu, L. Effect of solid waste filler on fatigue property of modified asphalt during aging process. Bull. Chin. Ceram. Soc. 2021, 40, 2822–2830. (In Chinese) [Google Scholar]

	



Zhang, X.; Tong, P.; Lin, X.; Li, J.; Li, B. Fatigue characterization of hard petroleum asphalt based on the linear amplitude sweep test. Mater. Rep. 2021, 35, 18083–18089. (In Chinese) [Google Scholar]

	



Herrington, P.R.; James, B.; Henning, T.F.P. Effect of concentration on the rate of formation of carbonyl compounds during oxidation of roading bitumen. Fuel 2022, 322, 124133. [Google Scholar] [CrossRef]

	



Zhang, D.; Huang, Z.; Yuan, G.; Zheng, Y.; Qian, G.; You, Z.; Zhang, H. Research on the anti-aging mechanism of SBS-modified asphalt compounded with multidimensional nanomaterials based on atomic force microscopy. Constr. Build. Mater. 2022, 317, 125808. [Google Scholar] [CrossRef]

	



Lesueur, D. The colloidal structure of bitumen: Consequences on the rheology and on the mechanisms of bitumen modification. Adv. Colloid Interface Sci. 2009, 145, 42–82. [Google Scholar] [CrossRef]

	



Baldino, N.; Gabriele, D.; Lupi, F.R.; Oliviero Rossi, C.; Caputo, P.; Falvo, T. Rheological effects on bitumen of polyphosphoric acid (PPA) addition. Constr. Build. Mater. 2013, 40, 397–404. [Google Scholar] [CrossRef]

	



Ren, Y.; Wang, T.; Ma, J.; Liu, W.; Li, Y. Alcohol modified animal glue binder and its modification mechanism. Foundry 2022, 71, 351–356. (In Chinese) [Google Scholar]

	



Ma, W.; Huang, T.; Guo, S.; Yang, C.; Ding, Y.; Hu, C. Atomic force microscope study of the aging/rejuvenating effect on asphalt morphology and adhesion performance. Constr. Build. Mater. 2019, 205, 642–655. [Google Scholar] [CrossRef]








[image: Polymers 15 02911 g001 550] 





Figure 1. Preparation method of PPA-SBS-modified bio-blend bitumen. 
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Figure 2. Flow diagram of the study. 
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Figure 3. Complex modulus for different bitumens: (a) original bitumen; (b) PAV-aged bitumen. 
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Figure 4. Strain–stress curve for different bitumen: (a) A1; (b) A2; (c) A3; (d) A4. 
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Figure 5. VECD curve for different bitumen: (a) A1; (b) A2; (c) A3; (d) A4. 
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Figure 6. Df for different bitumen before and after PAV aging. 
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Figure 7. Strain sensitivity coefficient for different bitumen before and after PAV aging. 
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Figure 8. Nf for different bitumen under various applied strains: (a) 2.5%; (b) 5%; (c) 7.5%; (d) 10%. 






Figure 8. Nf for different bitumen under various applied strains: (a) 2.5%; (b) 5%; (c) 7.5%; (d) 10%.



[image: Polymers 15 02911 g008]







[image: Polymers 15 02911 g009 550] 





Figure 9. The fitting of log Nf−og ε: (a) original bitumen; (b) PAV-aged bitumen. 
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Figure 10. Stiffness modulus of the bitumens after PAV aging. 
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Figure 11. 2D- and 3D-topography of the bitumens after PAV aging: (a,b) A1; (c,d) A2; (e,f) A3; (g,h) A4. 
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Table 1. The predicting equation of Nf and ε of each modified bitumen.
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Bitumen Type

	
Applied Strain

(%)

	
Nf

(Times)

	
Predicting Equation






	
A1

	
Original

	
2.5

	
11,832

	
   lg  N f  = − 3.116 lg ε − 0.919   




	
5

	
1364




	
7.5

	
386




	
10

	
157




	
After PAV

	
2.5

	
16,900

	
   lg  N f  = − 3.500 lg ε − 1.379   




	
5

	
1490




	
7.5

	
361




	
10

	
132




	
A2

	
Original

	
2.5

	
12,366

	
   lg  N f  = − 2.928 lg ε − 0.598   




	
5

	
1625




	
7.5

	
496




	
10

	
214




	
After PAV

	
2.5

	
17,018

	
   lg  N f  = − 3.781 lg ε − 1.826   




	
5

	
1238




	
7.5

	
267




	
10

	
90




	
A3

	
Original

	
2.5

	
12,249

	
   lg  N f  = − 2.962 lg ε − 0.657   




	
5

	
1572




	
7.5

	
473




	
10

	
202




	
After PAV

	
2.5

	
16,706

	
   lg  N f  = − 3.792 lg ε − 1.852   




	
5

	
1206




	
7.5

	
259




	
10

	
87




	
A4

	
Original

	
2.5

	
7093

	
   lg  N f  = − 2.961 lg ε − 0.829   




	
5

	
937




	
7.5

	
287




	
10

	
124




	
After PAV

	
2.5

	
14,190

	
   lg  N f  = − 3.737 lg ε − 1.834   




	
5

	
1065




	
7.5

	
234




	
10

	
80
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Table 2. The results of the BBR test.
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Bitumen Type

	
−12 °C

	
−18 °C

	
−24 °C




	
S/MPa

	
Variation/%

	
m

	
S/MPa

	
Variation/%

	
m

	
S/MPa

	
Variation/%

	
m






	
A1

	
Original

	
48.411

	
↑ 113

	
0.448

	
212.224

	
↑ 138

	
0.331

	
492.217

	
↑ 92

	
0.240




	
PAV

	
102.341

	
0.351

	
505.445

	
0.243

	
942.766

	
0.118




	
A2

	
Original

	
96.512

	
↑ 64

	
0.436

	
262.598

	
↑ 103

	
0.315

	
605.456

	
↑ 63

	
0.237




	
PAV

	
158.152

	
0.314

	
532.166

	
0.221

	
988.145

	
0.104




	
A3

	
Original

	
98.902

	
↑ 45

	
0.442

	
296.726

	
↑ 91

	
0.323

	
623.775

	
↑ 59

	
0.232




	
PAV

	
143.226

	
0.321

	
565.731

	
0.218

	
993.771

	
0.101




	
A4

	
Original

	
109.287

	
↑ 90

	
0.433

	
329.757

	
↑ 135

	
0.324

	
652.306

	
-

	
0.229




	
PAV

	
207.851

	
0.291

	
774.167

	
0.197

	
1000+

	
-








Note: ↑ indicates an upward trend; + indicates that the data is greater than 1000.
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