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Abstract

:

As two kinds of solid wastes, waste tires and steel slag have caused serious threats to the environment. Both waste tire rubber (WTR) and steel slag powder (SSP) can improve the performance of asphalt, while the performance indexes and modification mechanism of modified asphalt are not clear. In this paper, asphalt modified with SSP and WTR was prepared, and its performance was evaluated. The physical properties of asphalt modified with SSP and WTR, including penetration, the softening point, and viscosity, were investigated. Furthermore, high-temperature performance, fatigue resistance, low-temperature performance, and blending mechanism of asphalt modified with SSP and WTR were tested with a dynamic shear rheometer (DSR), bending beam rheometer (BBR), and Fourier transform infrared spectrometer (FTIR). The results showed that with the same content of WTR and SSP, WTR reveals a more significant modification effect on physical properties, fatigue, and low-temperature performance of base asphalt than SSP. The anti-rutting performance of SSP-modified asphalt is better than that of WTR-modified asphalt at 30~42 °C, and the anti-rutting performance of WTR-modified asphalt is better than that of SSP-modified asphalt at 42~80 °C. When the total content of WTR and SSP is the same, the physical properties, high-temperature resistance, fatigue resistance, and low-temperature performance of the asphalt modified with WTR and SSP decrease with the decrease in the ratio of WTR and SSP, and their performance is between WTR-modified asphalt and SSP-modified asphalt. Infrared spectrum results verified that the preparation of WTR- and SSP-modified asphalt is mainly a physical blending process. Overall, this research is conducive to promoting the application of modified asphalt with WTR and SSP in the construction of high-standard pavement.
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1. Introduction


As the construction of highways develops rapidly, asphalt pavement has become the main form of high-grade pavement engineering [1,2]. Nevertheless, the rapid growth of traffic volume and serious overloading make asphalt pavements face severe challenges. The asphalt pavement of many expressways cannot meet the needs of traffic soon after it is built, and early damage occurs [3]. The performance of asphalt directly affects the pavement performance of the asphalt mixture and the service condition of pavement [3]. To improve the service quality and service life of asphalt pavement, researchers have prepared mixtures by using modified asphalt that can enhance the road performance of an asphalt mixture [4,5,6,7].



Waste tires are a kind of solid waste that has caused serious threats to the environment [8,9,10]. Road researchers can solve this problem by using waste tire and steel slag separately for road engineering. Many studies have demonstrated that crumb-rubber-modified asphalt has outstanding elasticity and fatigue resistance [11,12]. Waste tires are first crushed into crumb rubber, and then the asphalt mixture is prepared by dry and wet methods. In the wet method, rubber and asphalt are first turned into rubber-modified asphalt, and then the rubber-asphalt is used as a binder to prepare a rubberized asphalt mixture. In the dry method, the crumb rubber is first mixed with the aggregate and then sprayed into the asphalt and mixed to prepare a rubberized asphalt mixture [13,14]. In the wet method, crumb rubber is actually used as a modifier of asphalt, while crumb rubber is considered as part of the fine aggregate in the dry method [15]. Relevant literature has demonstrated that the wet process can significantly improve the viscosity of base asphalt [16], high-temperature performance [17], fatigue resistance [18], and low-temperature performance [19] of an asphalt mixture. In the dry process, the poor interaction between crumb rubber and asphalt makes pavement disease appear prematurely, which limits its application to a certain extent [15]. The most common technique used in rubber asphalt road construction is the wet process. The performance of crumb-rubber-modified asphalt is closely related to the performance of an asphalt mixture prepared with a wet process. Therefore, researchers have carried out extensive research on rubber-modified asphalt. Zhu et al. [20] reported that a higher rubber content means a higher softening point, ductility, elastic recovery, and lower penetration of crumb-rubber-modified asphalt. Further, using a dynamic shear rheometer and bending beam rheometer, it was found that the crumb-rubber-modified asphalt with a higher rubber content has higher high-temperature rutting resistance and low-temperature cracking resistance. Amir et al. [21] investigated the rutting resistance, fatigue properties, and rheological properties of nano-clay and rubber-composite-modified asphalt. The results showed that adding nano-clay to rubber asphalt can improve the rutting resistance and the temperature sensitivity of rubber asphalt. Additionally, nano-clay can retard the aging of asphalt and further improve the fatigue performance of asphalt.



As a by-product of the steel-making process, steel slag, like scrap tires, is also a serious threat to the ecological environment [22,23]. To address the above problems, researchers have achieved good research results using treated steel slag as road engineering materials and have applied these materials in practical engineering, especially in asphalt pavement [24,25,26]. Wu et al. [27] replaced 4.75–9.5 mm and 9.5–13 mm aggregates in SMA-13 with steel slag and evaluated the mixture performance. Their study found that taking steel slag as an aggregate could enhance the high-temperature and low-temperature performance of an SMA-13 mixture compared to basalt. Chen et al. [28] prepared an asphalt mixture with steel slag powder filler and characterized its road performance. They found that an asphalt mixture with steel slag powder filler rather than limestone filler showed greater water stability, high-temperature deformation resistance, and low-temperature crack resistance. The researchers also found that steel powder as a filler could improve the anti-rutting performance of asphalt mortar, while the crack resistance of asphalt mastic was slightly decreased [29,30]. However, Li et al. [31] found that asphalt mastic with steel slag powder had better low-temperature performance than asphalt mastic with limestone powder in cold regions. In summary, steel slag as a filler can significantly enhance the stiffness of asphalt, thereby improving the high-temperature deformation resistance of asphalt, but there is still controversy about the research on low-temperature performance. In addition, the performance and modification mechanism of steel slag powder and rubber-powder-composite-modified asphalt deserve further investigation.



In this paper, combined with the excellent elasticity and fatigue resistance of WTR and the outstanding stiffness of SSP, asphalt modified with steel slag powder and waste tire rubber compound was prepared. The physical properties of the asphalt with WTR and SSP compound, including the penetration, softening point, and viscosity, were investigated. Furthermore, the rutting resistance, fatigue performance, crack resistance, and mixing mechanism of asphalt modified with SSP and WTR were evaluated with a dynamic shear rheometer (DSR), bending beam rheometer (BBR), and Fourier transform infrared spectrometer (FTIR). The results can provide a theoretical basis for the comprehensive utilization of waste tire rubber and steel slag.




2. Experimental Plan


2.1. Materials


The base asphalt with a 60/80 penetration grade was selected in this research, and the properties are displayed in Table 1.



The waste tire rubber powder (30 mesh) created by crushing waste tires was obtained. The density and main components of the waste tire rubber powder are shown in Table 2. The blast oxygen furnace slag stored for more than one year was obtained from Hubei Wuhan Iron and Steel Group Echeng Iron and Steel Co., Ltd. The steel slag powder was produced by grinding steel slag with a planetary ball mill and passing through a 0.075 mm sieve. The d(0.1), d(0.5), and d(0.9) particle size distribution of steel slag powder were obtained by laser particle size analyzer to be 0.949 μm, 10.272 μm, and 44.181 μm, respectively. Meanwhile, the content of free CaO in steel slag was 1.83%, determined by ethylene glycol-EDTA chemical titration. The chemical composition of the steel slag powder determined by X-ray fluorescence is shown in Table 3. Macro appearances of waste tire rubber powder and steel slag powder are displayed in Figure 1. The laser particle size analysis results of the two fillers are shown in Figure 2.




2.2. Methodology


2.2.1. Preparation of Asphalt Modified with Steel Slag Powder and Waste Tire Rubber Compound


Base asphalt was first heated at 135 °C for 1 h to make the asphalt flow. Then, a certain amount of waste tire rubber powder and steel slag powder was added to the asphalt and pre-stirred with a glass rod for 5 min. In this way, the modifier can be dispersed more evenly. Then, it was put into a high-speed shearing machine for 1 h at 4000 rpm and 180 °C. The same process was carried out for base asphalt. The preparation process is shown in Figure 3. The weight ratios of modifier and asphalt are shown in Table 4.




2.2.2. Physical Properties Tests


The penetration, softening point, and viscosity of base asphalt and asphalt modified with steel slag powder and waste tire rubber compound were performed based on JTG E20-2011 (T0604, T0606, and T0625) specifications, respectively. Penetration test temperature was 25 °C. The viscosity test temperature was 90 °C, 105 °C, 120 °C, 135 °C, and 150 °C, respectively. For each asphalt sample, three parallel samples were performed.




2.2.3. High-Temperature Rheological Properties Tests


The high-temperature rheological properties of asphalt are characterized by DSR tests [32]. The high-temperature property of asphalt samples was tested using a DSR instrument (Anton Paar-101). The test temperature range was 30~80 °C, and the frequency was 10 rad/s.



The recovery rate R and non-recoverable creep compliance Jnr of asphalt samples were detected using a Multiple Stress Creep Recovery Test (MSCR). Asphalt samples were treated by short-term aging in a rolling film oven (RTFO) before MSCR test. In this research, the MSCR test was carried out for 20 cycles. All asphalt samples were tested for 10 creep recovery cycles at 0.1 kPa and 3.2 kPa, respectively. The creep time was 1 s, and the recovery time was 9 s in a single cycle. The test was conducted at 58 °C, and the calculation equation of R, Jnr, and Jnr-diff are as follows [33,34]:


  R =  1  10       ∑ 1  10         ε r     ε  P e a k S t r a i n     × 100 %        



(1)






   J  n r - 0.1   (  1  k P a   ) =  1  10       ∑ 1  10         ε  n o n - r e c o v e r a b l e     0.1   × 100 %        



(2)






   J  n r - 3.2   (  1  k P a   ) =  1  10       ∑ 1  10         ε  n o n - r e c o v e r a b l e     3.2   × 100 %        



(3)






   J  n r - d i f f   =    J  n r ( 3.2 k P a )   −  J  n r ( 0.1 k P a )      J  n r ( 0.1 k P a )      



(4)




where R is creep recovery rate; εr and εnon-recoverable were recoverable strain and non-recoverable strain in a single cycle, respectively; εPeakstrain is the difference between the strain at the end of loading and the initial strain of loading in a single cycle; Jnr-0.1 and Jnr-3.2 are non-recoverable creep compliance of asphalt under stresses of 0.1 kPa and 3.2 kPa, respectively; and Jnr-diff is stress sensitivity parameter.




2.2.4. Fatigue Performance Tests


The linear amplitude sweep (LAS) test evaluates the fatigue performance of asphalt at medium temperatures using DSR [35,36]. The rheological parameters in the failure process were obtained by applying linear strain to the asphalt, and the fatigue life of the asphalt was predicted by the viscoelastic continuum damage model. In this research, asphalt samples were subjected to RTFOT before asphalt fatigue testing with DSR according to AASHTO TP-101. First, the sample was subjected to a frequency sweep at 25 °C, and the frequency sweep range was 0.1~30 Hz. Then, linear amplitude sweep was conducted at 25 °C, which adopts the loading mode of strain control, a scanning time of 310 s, and a frequency of 10 Hz. The loading amplitude increased linearly from 0.1% to 30%. Fatigue life can be obtained by Equation (5) [35].


  N f = A ·   (  γ  max   )  B   



(5)




where Nf is the failure life, γmax is the maximum expected strain, and A and B are the model constants.



The characteristic parameter α of the undamaged material is determined by frequency sweep test, by which parameter B in the fatigue equation was calculated. The method for determining parameter α is as follows.



The storage modulus G′ is obtained by complex modulus G* and phase angle δ, and its calculation formula is as shown in Formula (6).


   G ′ ( ω ) =     G *     ω   × cos   δ ( ω )   



(6)




where ω is the frequency. We can take log ω as the abscissa and log G′(ω) as the ordinate and draw and fit an optimal straight line: log G′(ω) = m(log ω) + b. Then, parameter α and B can be obtained by Formulas (7) and (8) [35].


  α = 1 +  1 m   



(7)






  B = 2 α  



(8)







According to the test data of linear amplitude sweep, the calculation formula of damage accumulation of asphalt is Formula (9) [35].


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



(9)




where D(t) is the damage accumulation at time t, γi is the shear strain and Ci equals   (    G *  ( t )    G *  ( i n i t i a l )   )  , G* is complex modulus, and α is the characteristic parameter of the undamaged material. D(t)and C can be obtained by performing linear regression. The A value is also obtained according to Equations (10)~(13) [35]:


  L o g (  C 0  − C  t  ) = L o g  C 1  +  C 2  L o g   D  t     



(10)






  A =   f ·   (  D f  )  k    k     π  C 1   C 2     α     



(11)






   D f  =        C 0  −  C  P e a k S t r e s s      C 1        1 /  C 2     



(12)






  k = 1 + α ( 1 −  C 2  )  



(13)




where C0 represents initial value of integrity parameter, f represents frequency, and C1 and C2 are curve-fit coefficients.




2.2.5. Low-Temperature Performance Tests


The stiffness modulus S and creep rate m of asphalt tested by BBR under constant loading are used to evaluate the low-temperature performance of asphalt [11,20]. Asphalt sample size was 127 × 6.35 × 12.7 mm. The test temperatures were set to −12 °C, −18 °C, and −24 °C, respectively.




2.2.6. FTIR Tests


In this paper, Nicolet 6700 infrared spectrometer produced by Thermo Fisher Scientific Company was used to characterize the types of functional groups in asphalt and asphalt modified with WTR and SSP. The test wave number range is 400~4000 cm−1.



The relevant test instruments and samples are shown in Table 5.






3. Results and Discussion


3.1. Physical Properties


The penetration of asphalt can reflect the consistency of asphalt. The smaller the penetration of asphalt, the harder the asphalt and the greater the consistency. The softening point of asphalt can characterize the viscosity and high-temperature stability. Asphalt with a higher softening point has better high-temperature stability. Generally, with the same material, the penetration shows an opposing trend to the softening point, as displayed in Figure 4. Clearly, the penetration of asphalt can be reduced, and the softening point of asphalt can be raised by adding WTR or SSP. With the same content of WTR and SSP, the penetration and softening point of WTR-modified asphalt changed more prominently, which may be attributed to the three-dimensional network structure formed by WTR, which limits the flow of asphalt [20,37]. This phenomenon occurs in SSP-modified asphalt because the porous structure of steel slag absorbs the components of asphalt, which leads to a decrease in free asphalt and an increase in structural asphalt [30]. When the total content of WTR and SSP is constant, the softening point of asphalt modified with WTR and SSP gradually decreases, and the penetration is contrary to the decrease in the ratio of WTR to SSP.



The Arrhenius Equation (14) is widely used in describing the viscosity-temperature relationship of asphalt [33]:


  η = A ·  e   E η  / R T    



(14)






  ln η = ln A +     E η   R   ×  1 T   



(15)




where η is the viscosity of asphalt binders; A is the regression coefficient; R is the universal gas constant, R = 8.314 J/(mol·K); and T represents absolute temperature. Eη represents the flow activation energy; the material with a smaller Eη flows easier and exhibits higher temperature sensitivity.



Figure 5 shows the viscosity-temperature relationship of asphalt and a straight line fitted using the Arrhenius Equation (15). The viscosity of the base asphalt is the lowest at the same temperature, and the addition of WTR or SSP can visibly augment the viscosity of base asphalt. In addition, with the same content of WTR and SSP, the WTR-modified asphalt has a higher viscosity than that of SSP-modified asphalt. When the total content of WTR and SSP remains unchanged, with the decrease in the ratio of WTR to SSP, the viscosity of asphalt modified with WTR and SSP gradually decreases. The relevant parameters obtained by fitting the viscosity-temperature test data with the Arrhenius equation are shown in Table 6. The fitting accuracy R2 is above 0.99, which means that the relationship between the viscosity and temperature of asphalt can be described by the Arrhenius equation well. It is obvious that adding WTR or SSP can enhance the flow activation energy Eη of asphalt. A larger Eη indicates that the asphalt is less likely to flow and thus has lower temperature sensitivity [38]. It also further means that the SSP-modified asphalt has a higher temperature sensitivity than WTR-modified asphalt. The viscosity test results are in accord with the results of softening point test.




3.2. High-Temperature Rheological Properties


The mechanical behaviors of asphalt are affected by time and temperature [38]. The DSR test was employed to obtain two important parameters (complex modulus G* and phase angle δ). G* is a measure of the total resistance of the material during repeated shear deformation, and δ is the time lag between the applied stress and the resulting strain. The stronger the elasticity of the material, the closer δ is to 0.



The curve of G* and δ of asphalt samples with different modifier dosages is illustrated in Figure 6. In Figure 6a, the G* of all samples decreases with the rise in temperature. That is, as temperature increases, the asphalt gradually changes from a solid state to a viscous flow state. Additionally, the G*-modified asphalt with WTR or SSP is higher than that of base asphalt at 30~80 °C. However, the G* of SSP-modified asphalt and WTR-modified asphalt cross at about 45 °C. That is, the SSP-modified asphalt has a higher G* than that of WTR-modified asphalt at 30~45 °C, while the pattern is reversed at 45~80 °C. In Figure 6b, the δ of the base asphalt and the SSP-modified asphalt gradually approaches 90° with the rise in temperature. However, it was found that the δ of the WTR-modified asphalt appeared at a phase angle plateau at 30–50 °C, and the phase angle platform gradually disappeared with the decrease in the ratio of WTR to steel slag. This can be attributed to the three-dimensional network structure formed by WTR, which limits the flow of asphalt [39].



Rutting is a serious disease type of asphalt pavement, and the rutting resistance of asphalt is one of the important factors affecting the performance of asphalt pavement. The American Strategic Highway Research Program (SHRP) proposes to use the rutting factor G*/sin δ to characterize the rutting resistance of asphalt. The larger the G*/sin δ, the better the high-temperature performance. In Figure 7, the rutting factor of all samples decreased with the rise in temperature. The G*/sin δ of base asphalt is the smallest, indicating it has the worst rutting resistance. However, the G*/sin δ of SSP-modified asphalt and WTR-modified asphalt cross at about 42 °C. Thus, the anti-rutting performance of SSP-modified asphalt is better than that of WTR-modified asphalt at 30~42 °C, while the pattern is reversed at 42~80 °C. The high-temperature rutting resistance of the asphalt WTR and SSP compound is between WTR-modified asphalt and SSP-modified asphalt.



The MSCR test is recognized for characterizing the permanent deformation resistance of asphalt [40]. The relationship between the cumulative strain and time under different stress levels is described in Figure 8. The accumulative strain of WTR-modified asphalt is less than that of SSP-modified asphalt, which is less than that of base asphalt. Moreover, when the total content of WTR and SSP is constant, the accumulative strain of the asphalt modified with WTR and SSP compound declines with the increase in the ratio of WTR and SSP. The relevant indicators (R, Jnr, and Jnr-diff) from the MSCR test are shown in Table 7. Under different stress levels (0.1 and 3.2 kPa), base asphalt has the smallest R and the largest Jnr. Incorporating WTR or SSP into the base asphalt can enhance the R and reduce the Jnr. Under the same content of WTR and SSP, the creep recovery rate of WTR-modified asphalt is higher than that of SSP-modified asphalt. When the total content of WTR and SSP is constant, the R of the asphalt modified with WTR and SSP compound increases with the rise in the ratio of WTR and SSP. In addition, the stress sensitivity index Jnr-diff of 10% WTR-modified asphalt is the highest, reaching 52.78%. The AASHTO MP19-10 specification requires that the stress sensitivity index Jnr-diff does not exceed 75% [36]. Therefore, the stress sensitivity of all asphalt samples meets the specification requirements.




3.3. Fatigue Properties


Figure 9 presents the stress-strain curve of asphalt at 25 °C in the LAS test. Obviously, the base asphalt and SSP-modified asphalt yield with the increase in strain, and the WTR-modified asphalt does not yield. The peak stress is an indicator that characterizes the hardness of the material in the LAS. The greater the peak stress, the harder the material. SSP-modified asphalt has the largest peak stress at 25 °C, and the peak stress of WTR-modified asphalt is the lowest. Thus, the hardness of SSP-modified asphalt is greater than that of WTR-modified asphalt at 25 °C. However, the high peak stress in the LAS test does not necessarily mean that the material has good fatigue properties [12].



According to the test results of frequency sweep, amplitude sweep, and viscoelastic continuous damage theory, the fatigue life of asphalt was further predicted by parameters A and B. When parameter B value is constant, the high A value can enhance the fatigue life of asphalt, and the high B value decreases the fatigue life of the asphalt. The relevant fatigue performance parameters from the LAS test are displayed in Table 8. Apparently, the fatigue life of base asphalt is the lowest. Incorporating WTR or SSP in asphalt can enhance the fatigue life. In addition, the incorporation of WTR has a more prominently modification effect on the fatigue life. Compared with base asphalt, asphalt modified with 10% WTR and 10% SSP increases the fatigue life of asphalt by 70.2% and 20.3% at the 2.5 strain level and 10.2% and 5.3% at the 5% strain level, respectively. When the total content of WTR and SSP is constant, as the ratio of WTR and SSP decreases, the fatigue life of composite-modified asphalt shows a decreasing trend.




3.4. Low-Temperature Rheological Properties


BBR tests were undertaken to determine the creep stiffness S and creep stiffness change rate m of the asphalt at −12, −18, and −24 °C, as illustrated in Figure 10. The larger the S value, the harder the asphalt. A low m value indicates that the asphalt has a low deformation and stress-dissipation capacity. Generally, a lower S value and a higher m value mean that asphalt has better low-temperature performance [41]. In Figure 10a,b, for all asphalt samples, the S value increases while the m value declines as the temperature decreases. That is, as the temperature decreases, the asphalt gradually becomes hard, showing brittleness, and the low-temperature performance decreases. WTR-modified asphalt can obviously decrease the S value, enlarge the m value, and enhance the low-temperature performance. The S value and m value of base asphalt and 10% SSP-modified asphalt show almost no difference. Therefore, SSP has little effect on the low-temperature performance of asphalt. SHRP specifications require that the maximum S value at 60 s is lower than 300 MPa, and the m values need to be larger than 0.3 [42]. It can be seen that asphalt modified with 10% WTR can meet the specification requirements at −12 °C, while 10% SSP-modified asphalt slightly exceeds the specification requirements. Moreover, all asphalt samples at −18 and −24 °C did not meet the specification requirements at low temperatures.




3.5. FTIR Results


Infrared spectroscopy is an important method for analyzing the structure of organic compounds [43]. Therefore, the blending mechanism of asphalt modified with WTR and SSP was explored by the variety of functional groups in the infrared spectrum. The infrared spectra of asphalt are displayed in Figure 11. In Figure 11, all asphalt samples have peaks at 2924, 2853, 1600, 1458, and 1376 cm−1, of which 2924 and 2850 cm−1 are the stretching vibration of C-H in aliphatic hydrocarbons, 1458 cm−1 and 1376 cm−1 are the C-H bending vibration in methylene and methyl, and 1600 cm−1 is the stretching vibration of C=C in aromatics3 [41,44,45]. Compared to base asphalt, there are no new peaks in the two kinds of modified asphalt. Thus, the modification of asphalt by two modifiers is mainly a physical process.





4. Conclusions


In this paper, asphalt modified with SSP and WTR was prepared. The physical properties, high-temperature performance, low-temperature performance, fatigue resistance, and blending mechanism of asphalt modified with WTR and SSP were discussed through an array of characterizations. The conclusions are as follows.



	
Both WTR and SSP can reduce the penetration and improve the softening point and viscosity of asphalt. WTR-modified asphalt had a higher viscosity, fatigue life, and creep stiffness change rate than steel-slag-powder-modified asphalt with the same content, indicating its superior road performance.



	
The complex modulus-temperature curves of WTR-modified asphalt and SSP-modified asphalt cross at around 45 °C. When the temperature is higher than 45 °C, compound-modified asphalt has a larger complex modulus than that of SSP-modified asphalt, endowing it with better rutting resistance. This is attributed to the three-dimensional network structure of WTR that hinders the transformation of WTR-modified asphalt from the viscoelastic state to the viscous flow state.



	
The physical properties, fatigue performance, and low-temperature performance of asphalt modified with SSP and WTR decrease with the decrease in the ratio of WTR and SSP with the same total content of WTR and SSP. At lower temperatures, the elasticity of the compound-modified asphalt is mainly provided by SSP, while WTR dominates its rutting factor at higher temperatures.



	
Compared with base asphalt, SSP-modified asphalt and WTR-modified asphalt have lower temperature sensitivity and higher stress sensitivity. The temperature sensitivity of WTR-modified asphalt is lower than that of SSP-modified asphalt, while the stress sensitivity is higher than that of SSP-modified asphalt. Infrared spectrum results verified that the preparation of WTR- and SSP-modified asphalt is a physical blending process.






The above conclusions have certified that the compound-modified asphalt with WTR and SSP combines the advantages of WTR and SSP, which not only improves the high-temperature rutting resistance, medium-temperature fatigue properties, and low-temperature crack resistance of SSP-modified asphalt but also improves the temperature sensitivity and stress sensitivity of WTR-modified asphalt. These results are helpful for promoting the utilization of WTR and SSP. Further studies are necessary to explore the effect of steel-slag- and rubber-compound-modified asphalt on the performance of an asphalt mixture.
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Figure 1. Macro appearances of steel slag powder and waste tire rubber. (a) Waste tire rubber powder. (b) Steel slag powder. 
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Figure 2. Particle size distribution of the SSP and WTR. 
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Figure 3. Preparation process of modified asphalt. 






Figure 3. Preparation process of modified asphalt.



[image: Sustainability 14 08615 g003]







[image: Sustainability 14 08615 g004 550] 





Figure 4. The penetration and softening point test results. 






Figure 4. The penetration and softening point test results.



[image: Sustainability 14 08615 g004]







[image: Sustainability 14 08615 g005 550] 





Figure 5. The viscosity-temperature relationships. 
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Figure 6. The results of temperature sweep: (a) complex modulus; (b) phase angle. 
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Figure 7. Relationship curve between rutting factor and temperature. 
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Figure 8. The accumulated strain-time curve of MSCR. 
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Figure 9. The stress-strain curve of asphalt samples of LAS test. 
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Figure 10. The result of low temperatures in the BBR test. (a) Creep stiffness; (b) creep rate. 
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Figure 11. The infrared spectrum of all asphalt samples. 
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Table 1. The properties of base asphalt.
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	Properties
	Values
	Requirements





	Penetration (25 °C)
	67.9
	60–80



	Softening point
	47.8
	≥46



	Ductility 5 cm/min
	183
	≥100



	Viscosity (60 °C)
	230.5
	≥100










[image: Table] 





Table 2. The technical parameters of waste tire rubber powder.
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	Parameters
	Density

(g/cm3)
	Moisture Content (%)
	Metal Content (%)
	Fiber Content (%)
	Carbon Black Content (%)





	Value
	1.13
	0.58
	0.024
	0.71
	35
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Table 3. The chemical composition of steel slag powder.
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	Compound
	CaO
	Fe2O3
	SiO2
	MgO
	Mn3O4
	Al2O3
	P2O5
	Others
	LOI





	Content (%)
	39.83
	24.03
	15.36
	8.53
	4.56
	3.12
	1.88
	2.35
	0.34
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Table 4. The weight ratio of asphalt and modifier in modified asphalt.
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	Asphalt Samples
	Asphalt
	WTR
	Steel Slag (SS)





	Base asphalt
	100
	0
	0



	10%CR MA
	100
	10
	0



	8%CR + 2%SS MA
	100
	8
	2



	6%CR + 4%SS MA
	100
	6
	4



	4%CR + 6%SS MA
	100
	4
	6



	2%CR + 8%SS MA
	100
	2
	8



	10%SS MA
	100
	0
	10
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Table 5. Information on relevant tests.
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Performance

	
Instruments and Samples Figure

	
Conducted Test






	
High temperature
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Temperature-sweep tests




	
MSCR tests




	
Medium temperature

	
LAS tests




	
Low temperature
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BBR tests




	
Modified mechanism
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FTIR tests
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Table 6. Relevant parameters of Arrhenius equation fitting.
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	Samples
	Fitting Line
	R2
	Slope (Eη/R)
	Eη (kJ/mol)





	Base asphalt
	   y = 9349.9 x − 23.8   
	0.99215
	9349.9
	77.73



	10% WTR
	   y = 9640.1 x − 23.2   
	0.99874
	9640.1
	80.15



	8%WTR + 2%SSP
	   y = 9563.1 x − 23.3   
	0.99364
	9563.1
	79.51



	6%WTR + 4%SSP
	   y = 9550.1 x − 23.5   
	0.99487
	9550.1
	79.40



	4%WTR + 6%SSP
	   y = 9533.4 x − 23.7   
	0.99384
	9533.4
	79.26



	2%WTR + 8%SSP
	   y = 9501.4 x − 23.8   
	0.99677
	9501.4
	78.99



	10%SSP
	   y = 9480.7 x − 24.0   
	0.99404
	9480.7
	78.82
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Table 7. The relevant indicators of MSCR test results.
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	Samples
	R-100
	R-3200
	Jnr-100
	Jnr-3200
	Jnr-diff





	Base asphalt
	3.33
	0.43
	3.23
	3.35
	3.72



	10% WTR
	35.45
	10.46
	0.72
	1.10
	52.78



	8% WTR + 2%SSP
	18.71
	3.98
	1.15
	1.51
	31.30



	6% WTR + 4%SSP
	10.59
	2.07
	1.52
	1.84
	21.05



	4% WTR + 6%SSP
	6.47
	1.24
	1.70
	1.94
	14.12



	2% WTR + 8%SSP
	4.91
	0.70
	1.96
	2.20
	12.24



	10%SSP
	3.54
	0.52
	2.59
	2.69
	3.86
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Table 8. The fatigue parameters from LAS test.
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Asphalt

	
LAS Parameters (25 °C)




	
A

	
B

	
Nf (2.5%)

	
Nf (5%)






	
Base asphalt

	
7.986 × 106

	
−3.868

	
230,726

	
15,802




	
10% WTR

	
2.064 × 107

	
−4.321

	
393,741

	
19,700




	
8%WTR + 2%SSP

	
1.738 × 107

	
−4.230

	
360,382

	
19,205




	
6%WTR + 4%SSP

	
1.482 × 107

	
−4.160

	
327,656

	
18,329




	
4%WTR + 6%SSP

	
1.382 × 107

	
−4.129

	
314,350

	
17,966




	
2%WTR + 8%SSP

	
1.211 × 107

	
−4.051

	
295,862

	
17,849




	
10% SSP

	
9.266 × 106

	
−3.924

	
254,317

	
16,755
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