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Abstract

:

Dynamic mechanical analysis (DMA) and other evaluation methods were used to investigate the effect of WS-1, an organic viscosity-reducing temperature mixing agent, on the rheological and conventional properties of warm-mix rubber asphalt (WMRA). The results demonstrated that the WS-1 warm-mix agent exhibited an excellent viscosity-reducing effect and that, with the increasing of WS-1 content, the high-temperature viscosity of the WMRA decreased significantly. The viscosity and softening point of the WMRA increased at 60 °C simultaneously, with the softening point increasing by about 15 °C. The penetration and ductility decreased by about 1 mm and 6 cm, respectively, and the activation energy (Eη) and temperature sensitivity increased. These results indicated that WS-1 could improve the high-temperature performance of WMRA but had an adverse effect on its low-temperature performance. Upon using temperature scanning for the WMRA, the addition of WS-1 significantly increased the rutting factor (G*/sin δ) of the WMRA and greatly improved its rutting resistance within the temperature range examined. The addition of WS-1 changed the viscosity of WMRA, thus affecting the hot-storage stability of WMRA at high temperatures.
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1. Introduction


In recent years, rubber asphalt has attracted increasing attention due to its excellent viscoelastic properties, as well as its anti-fatigue and noise-reducing performance and capabilities [1]. Rubber asphalt refers to the asphalt binder produced with waste tire rubber powder as a modifier, where rubber powder content accounts for more than 15% of the weight of asphalt [2,3]. It reuses solid wastes such as waste tires and modifies asphalt with the help of the viscoelastic properties of rubber powder, thus achieving the purpose of waste recycling and improving the performance of the asphalt binder. Many researchers have investigated and reported on the outstanding environmental benefits of rubber-asphalt mixture in the reuse of waste materials [4,5,6]. However, the addition of rubber powder obviously increases the viscosity of asphalt [7,8,9,10,11]. The production temperature of traditional rubber asphalt is close to 200 °C and the construction temperature of rubber asphalt mixture ranges from 20 to 30 °C higher than that of ordinary hot-mix asphalt mixture [12,13]. This not only causes the rubber asphalt binder to age but also leads to high-energy consumption, large amounts of flue gas, a pungent smell and certain air pollution in the pavement production processes. This in turn can seriously limit the use of rubber asphalt for municipal roads, tunnels and in other projects.



In the construction process for rubber-asphalt mixture, the warm-mix asphalt (WMA) technology is introduced to reduce the construction temperature of the mixture and thus decrease its flue-gas emission and energy consumption. The WMA has no significant impact on its mechanical properties, so it is to expand the rubber effective solutions for the range of rubber modified asphalt applications [14,15]. Many researchers pay much attention to the warm-mix asphalt (WMA) technology. Akisetty et al. found that the addition of the warm asphalt additives into the rubberised binders showed the positive effects on the increase in rutting resistance [16]. Rodriguez-Alloza et al. studied the performance of crumb rubber modified binders with warm mix asphalt additives and suggested that the crumb rubber modified binders containing warm mix asphalt additives could work well in the warm country [17].



In WMA technology, microcrystalline wax has been used widely to reduce asphalt viscosity. Microcrystalline wax can reduce the high-temperature viscosity of the asphalt binder, improve its fluidity, and thus reduce the asphalt mixture production temperature by about 20–30 °C [18].



As a prototypical warm-mix wax agent, the widely used WS-1 is a long-chain aliphatic hydrocarbon, with 40–120 carbon atoms produced via the Fischer–Tropsch process. It belongs to the organic viscosity-reducing warm-mix agents’ group. It has a fine white particle and a melting point which lies between 70 and 120 °C. When it melts, it reduces asphalt viscosity, thus reducing the friction stress at the interface of the mixture, as well as reducing its mixing, pouring and compaction temperature [19,20]. The mixing, pouring and compaction temperature decrease [19,20] when the temperature is lower than its melting point, and meanwhile the asphalt viscosity and the friction stress at the asphalt-mixture interface decreases.



The WS-1 warm mix added to the asphalt crystallises and hardens, in turn increasing asphalt viscosity and improving the strength of the mixture.



Current research on the influence of WS-1 on the performance of rubber-asphalt mixture is prevalent, but few systematic studies on the influence of WS-1 on the flow characteristics of rubber-asphalt binder exist, nor do they on the influence of different chemical compositions of matrix asphalt on the properties of warm rubber-asphalt mixture (WMRA). In the current study, from the perspective of viscosity-temperature and viscoelasticity, the viscous flow activation energy (Eη) was obtained by fitting the viscosity-temperature curve with the Arrhenius equation. The dynamic viscoelastic properties of WMRA were examined using the DMA method, and the effects of warm-mix agent content on the storage modulus (Gʹ), loss modulus (Gʺ) and rut factor (G*/sin δ) of WMRA with different composition characteristics were investigated.




2. Experimental Materials and Methods


2.1. Experimental Materials


The AH-90 asphalt (Q90) was produced by the Qinhuangdao PetroChina Fuel Asphalt Co. Ltd. (Qinhuangdao, China) and the AH-90 asphalt (K90) produced by the PetroChina Karamay Petrochemical Co. (Karamay, China), which were used as matrix asphalt in this study. The rubber powder was provided by Sichuan Jinmoer Material Company (Sichuan, China); its main particle size (d) was 0.42 mm; relative density was 1.20 g/cm3; ash content was 6%; and rubber hydrocarbon content was 68%. WS-1, a prototypical organic viscosity-reducing mixing agent, was used as the warm-mix agent, as shown in Figure 1a. The basic properties of the matrix asphalt and additives are presented in Table 1 and Table 2, respectively.




2.2. Preparation of WMRA Samples


The content of the organic viscosity-reducing temperature mixing agent used in this study is generally 0.8% of the weight of asphalt, and the normal addition is approximately 1.5%, based on that given in the research used as a reference for the current study [21]. WMRA was prepared using an agitator equipped with a temperature-controlled, electric-heating jacket, and the prepared WMRA is shown in Figure 1b. First, 600 g of hot-melt Q90 asphalt was poured into a cylindrical container, which was heated at 190 °C under 300 r/min in an electric jacket. Next, rubber powder (18 wt%; based on the matrix asphalt) was slowly added using a high-speed shearing machine to cut the WMRA at a speed of 4000 r/min for 20 min. The WMRA was then cooled to 180 °C and WS-1 at 0 wt%, 0.5 wt%, 1.5 wt% and 2.0 wt% (based on the matrix asphalt) was added at 800 r/min speed. It was stirred for 2 h, and the samples of WMRA were prepared and numbered ‘QS0’, ‘QS0.5’, ‘QS1.0’, ‘QS1.5’ and ‘QS2.0’, respectively. Other samples of warm-mix WMRA were prepared using the same method and numbered ‘KS0’, ‘KS0.5’, ‘KS1.0’, ‘KS1.5’ and ‘KS2.0’, with ‘K90’ constituting the base asphalt sample. The samples of WMRA after the thin-film oven test (TFOT) were numbered ‘TQS’ and ‘TKS’.




2.3. Physical Performance Analysis


According to the JTG E20-2011 highway engineering asphalt and asphalt mixture test rules [22], the physical properties of WMRA include penetration (25 °C), a softening point, ductility (5 °C), TFOT ductility (5 °C), elastic recovery (25 °C) and viscosity (60 °C) were tested. Moreover, the viscosity temperature property was evaluated using Brookfield thermosel apparatus (AMETEK-Brookfield, Middleboro, MA, USA).




2.4. Rheological Property Analysis


The rheological properties of asphalt binder were determined according to the ASTM D7175-2015 standard test method, with the use of a dynamic shear rheometer [23]. The rheological properties of WMRA samples were characterised using the dynamic shear rheometer (DSR; Anton Paar SmartPave 102, Graz, Austria). Stress scanning (with a frequency set to 10 rad/s) was performed for each asphalt sample to ensure that the test was conducted within the linear viscoelastic range of the asphalt sample. The temperature and frequency scanning tests were conducted on the samples, where the temperature scanning range was 20–120 °C, a point was set every 5 °C to ensure parallelism within the test, and the rheological properties of the samples were tested twice to ensure good repeatability of the results.




2.5. Evaluation of Thermal-Storage Stability


According to the JTG E20-2011 highway engineering asphalt and asphalt mixture test rules, the WMRA underwent a storage-stability test according to the standard T0661 method, and the sample weight was 50 ± 0.5 g. The asphalt sample was poured into an aluminium tube, sealed with tin foil, stored vertically in an oven at 163 °C for 48 h, and then it was taken out and refrigerated for 4 h. The aluminium tube was cut on average into three sections, and the difference of the softening point between the upper and lower segments was measured to evaluate the hot-storage stability of the modified asphalt.





3. Results and Discussion


It took about 200 g for each sample to complete all tests. The variability of test results was within the range required by the test method standard, and thus we calculated the average value of each result as the test value during the physical property test.



3.1. Effect of WS-1 on Physical Properties of WMRA


The conventional indexes of asphalt, including penetration, the softening point, ductility and elastic recovery, were used to evaluate the softness and hardness, high- and low-temperature performance and the elastic recovery of the asphalt, respectively. The effect of WS-1 on the conventional properties of WMRA is given in Figure 2. The TQS and TKS in Figure 2 represent QS and KS samples after TFOT test, respectively. It can be seen that, with increases in WS-1 content, the conventional properties of WMRA demonstrated a decrease in penetration and ductility, an increase in the softening point, a slight increase in elastic recovery and an increase in viscosity at 60 °C; however, the changes of each index of the two types of WMRA were found to be different. It was found by comparing the samples prepared by WS-1 content of 0% and 2% that the conventional indexes of asphalt changed immensely. The penetration of the QS WMRA and the KS WMRA decreased by 18% and 20%, respectively. The softening point of the QS WMRA increased by 20% and the softening point of KS WMRA by 25%. The decrease in the ductility of the QS WMRA pre- and post-TFOT was found to be 33% and 38%, respectively. Accordingly, the decrease in the ductility of the KS WMRA pre- and post-TFOT was observed as 38% and 23%, respectively. Furthermore, the 60 °C viscosity of the KS WMRA increased by 146%, and that of the KS WMRA increased by 187%. The QS WMRA was prepared with the same WS-1 content and exhibited lower penetration, a higher softening point, higher viscosity at 60 °C, greater elastic recovery and lower ductility, indicating that the high-temperature performance of the QS WMRA was superior to that of the KS WMRA and that the low-temperature performance of the KS WMRA was superior to that of the QS WMRA. This is due to the high-asphaltene content of Q90 asphalt. Asphaltene, the "rubber core" of the asphalt colloid system, plays a "thickening" role and significantly improves the high-temperature performance of QS WMRA, while the higher resin content of K90 asphalt is beneficial to the oil absorption and swelling of rubber powder in asphalt. This gives full play to the elastic role of rubber powder in asphalt, thus reducing the attenuation of the low-temperature performance of KS asphalt [24,25].




3.2. Effect of WS-1 on Viscosity-Temperature Properties of WMRA


Asphalt is a mixture composed of compounds with different chemical structures, and its viscosity changes with changes in temperature. In the high-temperature range of asphalt use, the ideal asphalt material for roads should have high viscosity to withstand the shearing and rolling of the pavement load and so that no pavement rutting or other diseases occur. In the low-temperature range of asphalt use, asphalt should be sufficiently low in viscosity and have a large deformation capacity to relax the shrinkage stress caused by temperature reduction and to prevent pavement cracking. Asphalt should have low viscosity to facilitate pumping, mixing and pavement compaction in the area of construction temperature.



Viscosity temperature is a key property in the evaluation of the performance, construction and workability of asphalt materials. The viscosity-temperature relationship inherent in WMRA prepared with WS-1 at different content levels within a wide temperature range (100–200 °C) was tested, and the curve was fitted based on the Saal formula. The results of this test are presented in Figure 3, and the relevant parameters obtained are given in Table 3. As can be seen from Figure 3 and Table 3, a linear relationship between the logarithm of temperature and the double logarithm of viscosity exists for all WMRA samples and is in accordance with the Saal formula [26]:


lglg(η × 103) = n − m·log (T + 273.15)



(1)







In this formula, η represents asphalt viscosity (Pa·s), T represents temperature in Celsius (°C), and m and n are regression coefficients. The ‘m’ value reflects the sensitivity of asphalt viscosity to temperature, and the higher the value, the greater the sensitivity of viscosity to temperature becomes.



From the data in Table 3, it can be seen that, with the increase in WS-1 content, the m value of the two WMRA types increases, indicating that the viscosity of WMRA is more sensitive to temperature (i.e., when the temperature increases to a certain point, the higher the WS-1 content, the greater the decrease in the viscosity of the asphalt, and the more obvious the warm-mix effect becomes).



With the same WS-1 content, the m value of the QS WMRA was observed as higher than that of the KS WMRA, indicating that the effect of WS-1 was more significant for QS WMRA.




3.3. Effect of WS-1 on Viscous-Flow Activation Energy (Eη) of WMRA


Temperature is a reflection of the intensity of molecular thermal motion. With the increase in temperature, the thermal motion of molecules increases, and the distance between the molecules increases, with greater energy causing more "holes" (free volume) in the material. This makes it easier for the chain segments to move, the interaction between molecules then decreases, and the viscosity decreases [27]. When the temperature is much higher than the glass transition temperature (Tg) and the melting point (Tm) temperature (T > Tg + 100 °C), the relationship between polymer-melt viscosity and temperature can be described using the Arrhenius Equation (2) [27]:


  η  T    =   Ke   −    E η    RT      



(2)







In this formula, η(T) is the viscosity at temperature T (Pa·s), and R is the universal gas constant (8.314 J/mol·K). Furthermore, if you find the logarithm on both sides of Equation (2), then:


  lg   η  T      = lgA −    E η    2.303 RT    



(3)







Therefore, according to the viscosity lg (η [T]) and 1-max T) of asphalt at different temperatures, the Eη of the asphalt can be obtained. The Arrhenius equation fitted to the curve of WMRA prepared using two different base asphalts is shown in Figure 4, and the para meters in the regression model and viscous-flow activation energy (Eη) are given in Table 4.



The viscous-flow activation energy (Eη) reflects the temperature sensitivity of the material viscosity change, and its magnitude is not directly related to the viscosity of the material [28]. From Table 4, it can be seen that the temperature sensitivity of WMRA increases with the increase in WS-1 content (i.e., the higher the WS-1 content, the greater the decrease in the viscosity of WMRA under the condition of increasing a given temperature and the more obvious the warm-mix effect becomes). Under the condition of the same WS-1 content, the Eη of the QS WMRA was found to be higher than that of the KS WMRA, indicating that the viscosity of QS WMRA decreases more with the increase in temperature, which is consistent with the conclusions made in Section 3.2.




3.4. Effect of WS-1 on Viscoelastic Properties of WMRA


Asphalt is a typical thermoviscoelastic material. Distresses such as the rutting, cracking and fatigue of asphalt pavement are closely related to the viscoelastic properties of asphalt [29]. Therefore, it is necessary to study the effect of WS-1 on the viscoelastic properties of WMRA. Temperature is the principal external factor affecting the viscoelastic performance of asphalt. Under a condition of low temperature, the elasticity of asphalt is dominant, while under medium and high temperature, it is predominantly viscous.



In Figure 5, this effect shows the variation of storage modulus G’ and loss modulus G” of the WMRA prepared with WS-1 at different content levels to temperature. Among them, the storage modulus G’ represents the energy stored and that which is recoverable by the asphalt, reflecting the elastic composition of the asphalt. Furthermore, the loss modulus G” represents the heat loss caused by the internal friction in the deformation process of the asphalt, which shows the viscous composition of the asphalt. From Figure 5, it can also be seen that the storage modulus G’ and the loss modulus G” decrease with the increase in temperature, and the effect of WS-1 on the storage modulus G’ and loss modulus G” of the QS WMRA is greater than that of the KS asphalt. Additionally, the effect of WS-1 on the viscoelastic properties of the WMRA prepared using a different matrix asphalt varied. At the same temperature, the storage modulus G’ of the QS WMRA was observed to be higher than that of the KS WMRA, indicating that the elasticity of QS WMRA is superior to that of KS WMRA. This is because the asphaltene content of Q90 asphalt is higher than that of K90 asphalt. Compared with the blank sample, which is the rubber asphalt sample without WS-1, the storage modulus G’ of the QS WMRA was found to be lower than that of the blank sample when the content of WS-1 was 1.0% and 1.5%. In contrast, when the content of the QS WMRA was 2.0%, the storage modulus G’ of it was found to be higher than that of the blank sample. When the temperature was lower than 40 °C, WS-1 exhibited little effect on the storage modulus G’ and loss modulus G” of the QS WMRA, and with the increase in temperature, the effect of WS-1 on the storage modulus G’ and loss modulus G” of it increased.



The effect of WS-1 content on the rutting factor G*/sin δ of the WMRA with temperature was investigated via temperature scanning and the use of a wide temperature range, as shown in Figure 6. From Figure 6, it can be seen that the rutting factor G*/sin δ of the two types of WMRA sharply decreased with increases in temperature, and the change rate of the WMRA with the addition of WS-1 was lower than that of the blank sample.



The American SHRP specification requires that the rutting factor G*/sin δ of the original asphalt is not less than 1.0 kPa, otherwise the probability of rutting on the asphalt pavement is greatly increased—the temperature corresponding to the rutting factor G*/sin δ = 1 is referred to as "failure temperature". From Figure 7, it can be seen that the addition of WS-1 increased the failure temperature of the two types of WMRA, and the increase in the failure temperature of the QS WMRA was greater than that of the KS WMRA (i.e., the effect of WS-1 on the high-temperature performance of the QS WMRA was more obvious).




3.5. Effect of WS-1 on Hot-Storage Stability of Rubber Asphalt


There are considerable differences in the molecular weight and chemical structure of asphalt and polymer modifiers, where the polymer-modified asphalt system belongs to a thermodynamically unstable system. The compatibility of polymer and asphalt directly determines the performance of polymer-modified asphalt, and the hot-storage stability of modified asphalt reflects polymer-asphalt compatibility [30,31].



In the current study, the hot-storage stability of WMRA at different WS-1 content levels was investigated. After the modified asphalt samples were stored in an oven at 163 °C for 48 h, the softening point difference was used to evaluate the hot-storage stability of the WMRA. The difference in softening point between the upper and lower stages of the sample was closer to 0, indicating that the thermal-storage stability of the sample was superior.



Figure 8a,b presents the curves of the difference in softening point between the upper and lower parts of the QS and KS WMRA with the addition of WS-1 following hot storage, respectively. Following the high-temperature storage of the QS WMRA, the softening point of the upper and lower sections increased by varying degrees, the softening point difference gradually decreased, and the hot-storage stability improved. Additionally, following the high-temperature storage of the KS WMRA, the softening point of the upper section first decreased and then increased with the increase in WS-1 content; the softening point of the lower section gradually increased; the softening point difference gradually increased; and, finally, the thermal-storage stability worsened.



Generally speaking, the hot-storage stability of rubber powder in asphalt is principally determined by the compatibility of rubber powder and asphalt. Although the current study revealed that rubber powder absorbed the addition of the WS-1 warm-mix agent and promoted the swelling of the rubber-powder particles, from the results of the viscosity-temperature curve in Section 3.2, it was shown that the high-temperature viscosity of WMRA decreased with the increase in WS-1 content. This indicates that most of the WS-1 in the WMRA system predominantly existed in the asphalt phase. Although the viscosity of the WMRA prepared using two types of base asphalt decreased with increases in WS-1 content, the viscosity of the QS WMRA was generally higher (i.e., more than twice that of the KS WMRA). The movement resistance of the rubber powder in the QS WMRA was found to be larger and coupled with the promoting effect of the WS-1 on rubber-powder swelling, the hot-storage stability of the QS WMRA was improved. However, due to the clear decrease in viscosity of the KS WMRA, the movement resistance of the rubber powder in the asphalt sharply decreased. Furthermore, the improvement in compatibility caused by the swelling of the rubber powder was insufficient to compensate for the unstable effect caused by the decrease in motion resistance, causing its thermal-storage stability to worsen.





4. Conclusions


In the study, the effect of WS-1 warm-mix agent on the conventional properties and rheological properties of WMRA was examined through the use of viscosity-temperature curve measurement, temperature scanning and thermal-storage stability evaluation.



With increases in WS-1 content, it was found that the penetration and ductility of the WMRA decreased, the softening point and viscosity at 60 °C increased, and the elastic recovery increased slightly. However, the change range of each index of the two types of WMRA was clearly different due to the difference in the asphalt composition of the two matrix types. The higher the asphaltene content in asphalt, the better the high temperature performance of WMRA.



WS-1 warm-mix agent increased the sensitivity of viscosity of the WMRA to temperature. Specifically, when the temperature increased to a certain point, the higher the WS-1 content became. Furthermore, the more the viscosity of the WMRA decreased, the more apparent the warm-mix effect became. Between them, the viscosity-reducing effect of the WS-1 warm-mix agent on QS WMRA was more evident.



Upon using temperature scanning for the WMRA, it was found that the WS-1 warm-mix agent improved the resistance to high-temperature rutting of the WMRA, and the effect of WS-1 on the high-temperature performance of the QS WMRA was more evident because of its higher asphaltene content.



Ultimately, the current study determined that the WS-1 warm-mix agent can reduce the high-temperature viscosity of the WMRA, affect the hot-storage stability of the WMRA system, and the application of WS-1 is very important to the uniformity and processing performance of asphalt products, which should be a focus in the asphalt production process.
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Figure 1. WS-1 and WMRA: (a) WS-1; (b) WMRA. 
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Figure 2. Effect of WS-1 on conventional properties of rubber asphalt: (a) penetration; (b) softening point; (c) elastic recovery; (d) ductility; (e) viscosity (60 °C). 
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Figure 3. Viscosity-temperature relation curve of warm mix rubber asphalt: (a) QS; (b) KS. 
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Figure 4. Arrhenius equation fitting curve of warm mix rubber asphalts: (a) QS; (b) KS. 
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Figure 5. Variation of storage modulus (G’) and loss modulus (G”) of warm mix rubber asphalt with temperature: (a) G’ of QS warm mix rubber asphalt; (b) G’ of KS warm mix rubber asphalt; (c) Gʺ of QS warm mix rubber asphalt; (d) G” of KS warm mix rubber asphalt. 
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Figure 6. Failure temperature of rubber asphalt with different WS-1 content when rutting factor G*/sin δ = 1.0 kPa: (a) The G*/sin δ of QS warm mix rubber asphalt; (b) The G*/sin δ of KS warm mix rubber asphalt. 
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Figure 7. Failure temperature of rubber asphalt with different WS-1 content when rutting factor G*/sin δ = 1.0 kPa. 
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Figure 8. Effect of WS-1 content on storage stability of warm mixed rubber asphalt; (a) the storage stability of QS warm mix rubber asphalt; (b) the storage stability of KS warm mix rubber asphalt. 
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Table 1. Physical properties and compositions of base asphalt.
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Property

	
Test Standards

	
Results




	
Q90

	
K90






	
Penetration (25 °C, 0.1 mm)

	
GB/T 4509

	
89

	
82




	
Penetration Index

	
GB/T 4509

	
−1.1

	
−0.9




	
Softening Point (R&B, °C)

	
GB/T 4507

	
45.5

	
45.8




	
Ductility (15 °C, cm)

	
GB/T 4508

	
>100

	
>100




	
Viscosity (60 °C, Pa·s)

	
SH/T 0557

	
180

	
206




	
Density (15 °C, g·cm−3)

	
GB/T 8928

	
1.034

	
0.976




	
Saturation/wt%

	
-

	
22.32

	
25.8




	
Aromatic/wt%

	
SH/T 0509

	
37.89

	
31.65




	
Resins/wt%

	
-

	
26.94

	
42.29




	
Asphaltene/wt%

	
-

	
12.86

	
0.20
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Table 2. Physical properties of WS-1.
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	Property
	Units
	Results





	Appearance
	-
	White solid



	Melting point
	°C
	102



	Flash point
	°C
	290



	Density (20 °C)
	g/cm3
	0.9
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Table 3. Fitting result of Saal formula for viscosity-temperature relationship of warm mix rubber asphalt.
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	Sample
	Saal Formula Fitting Equation
	m
	n
	R2





	QS0
	y = 6.61 − 2.29x
	2.29
	6.61
	0.998



	QS0.5
	y = 6.85 − 2.38x
	2.38
	6.85
	0.997



	QS1.0
	y = 6.93 − 2.41x
	2.41
	6.93
	0.995



	QS1.5
	y = 7.14 − 2.50x
	2.50
	7.14
	0.995



	QS2.0
	y = 7.32 − 2.56x
	2.56
	7.32
	0.991



	KS0
	y = 6.27 − 2.18x
	2.18
	6.27
	0.997



	KS0.5
	y = 6.29 − 2.19x
	2.19
	6.29
	0.998



	KS1.0
	y = 6.40 − 2.23x
	2.23
	6.40
	0.994



	KS1.5
	y = 6.67 − 2.18x
	2.18
	6.67
	0.998



	KS2.0
	y = 6.95 − 2.44x
	2.44
	6.95
	0.989
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Table 4. Fitting results of Arrhenius equation for warm mix rubber asphalts.
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	Sample
	lgA
	Eη/kJ∙mol−1
	R2





	QS0
	−2.12
	8.463
	0.998



	QS0.5
	−2.27
	8.788
	0.998



	QS1.0
	−2.31
	8.868
	0.998



	QS1.5
	−2.41
	9.067
	0.996



	QS2.0
	−2.52
	9.376
	0.995



	KS0
	−2.09
	7.294
	0.998



	KS0.5
	−2.08
	7.283
	0.998



	KS1.0
	−2.18
	7.436
	1.000



	KS1.5
	−2.44
	7.964
	0.994



	KS2.0
	−2.52
	8.226
	0.994
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