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Abstract

:

Mastic asphalt (MA) has been recognized as one of the most deformation-resistant and thus durable materials for bridge pavement. The performance properties of MA are highly dependent on the physical and rheological properties of the binder applied in the MA mixture. To modify the binder properties to obtain the expected performance of the MA mixture, Trinidad Lake Asphalt (TLA) is often applied. In this study, the TLA-modified binders to be used in mastic asphalt bridge pavement systems were evaluated to develop the optimum material combination using conventional and performance-related testing. Physical and rheological tests were carried out on TLA-modified binders with the different modifier content in the range of 10–50% on a weight basis. The tests revealed that the TLA modifier addition to the 35/50 base bitumen should be close to the value of 20%. Higher concentrations of TLA may make the binder very stiff and could induce low-temperature cracks in mastic asphalt.
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1. Introduction


Mastic asphalt (MA or Gussasphalt) is often used for bridge pavements due to its resistance to deformation and thus high durability as well as good fluidity and self-leveling performance when laying down [1,2,3,4]. The performance properties of MA are highly dependent on the physical and rheological properties of the binder applied in the MA mixture. To modify the binder properties to obtain the expected performance of the MA mixture, Trinidad Lake Asphalt (TLA) is often applied. TLA is well recognized as an efficient bitumen modifier for its high compatibility, stability, and durability, and, thus, it is often used for bridge pavements. Modern mastic asphalt pavement usually contents a mix of penetration grade bitumen and the TLA, blended with filler (typically limestone fine aggregate) and coarse aggregate. High-quality MA pavement with the TLA-modified binder has been successfully applied for many years on hundreds of bridges [5,6,7,8].



The results of plenty of physical tests revealed that the dosage of TLA caused a reduction in penetration and an increase in softening of the base bitumen [7,9,10,11]. However, the correlation between properties of the TLA-modified binders and the performance of respective MA is not so clear due to the lack of thorough research on TLA influence on the final MA properties [7,9,11]. The TLA-modified binder properties and blend ratios are often provided in terms of physical properties because respective rheological properties are not well examined [12]. On the other hand, it is very important to characterize the rheological behavior of the TLA-modified binders to provide a rational basis for the finding of optimal material composition that will guarantee the expected MA pavement performance. The rheology of the TLA-modified binder is often recognized to have a better correlation with MA pavement performance [11,12,13]. However, describing the rheology of the TLA-modified binders by the physical parameters such as the penetration and the softening point has serious shortcomings. Thus, the understanding of rheological behavior (mainly shear viscosity) is the key factor to properly select the TLA-modified binder for the optimal MA mixture regarding performance. Consequently, a detailed assessment of the physical and rheological properties of TLA-modified binders should be carried out for optimal MA pavement performance [14,15,16].



In this study, the TLA-modified binders to be used in mastic asphalt (MA) bridge pavement systems were evaluated to develop the optimum material combination using conventional and performance-related testing. However, it is very important to emphasize that these TLA-modified binders are evaluated in the context of using them in the mastic asphalt (MA) mixture. Since the 35/50 penetration grade bitumen is the only one recommended for MA bridge pavements by the Polish road administration, it was chosen as a base bitumen in this study [17]. Moreover, 35/50 bitumen is also the most popular in Poland for other types of road pavements. Based on the available studies [9,12,18,19] and the authors’ initial research [20], the TLA content by bitumen weight up to 20% was chosen to modify the base bitumen properties towards the durable MA applications on bridges. The paper describes the evaluation of the physical and rheological properties of TLA-modified binders depending on the TLA content as well as the determination of the optimal content of TLA for the bitumen modification. The low-temperature properties of TLA-modified binders are compared to those of base bitumen to check the potential MA deformation resistance. Physical (conventional) tests and rheological tests were conducted on TLA-modified binders to achieve the mentioned objectives.




2. Materials and Methods


2.1. Materials Properties


Five combinations of the 35/50 penetration grade bitumen (base bitumen) and the Trinidad Epure TE Z 0/8 were selected to evaluate the physical and rheological properties of TLA-modified bitumen. The properties of the 35/50 bitumen in original (unaged) condition, determined according to the relevant European standards and compared with the European requirements, are listed in Table 1. Table 2 lists some of the basic properties of the TLA used in this study.



As shown in the relevant tables the base bitumen used in this study fulfilled the respective European requirements. However, in the case of TLA, small deviations from the requirements were revealed. It is due to the fact that the natural asphalt supplied by the manufacturer is covered by diatomite (an agent preventing asphalt pieces from sticking together) and is added to the mixer in this form. It was assumed in this study that the tests would be conducted on the binder delivered in the form available for the manufacturer. Hence, this form of TLA was used in the tests. This addition can stiffen the TLA resulting in deviations revealed.




2.2. Preparation of TLA-modified Binders


To obtain a homogeneous TLA-modified binder the laboratory blender was utilized to ensure appropriate mixing speed and to avoid voids in the mixture. The base bitumen and TLA were heated at 160 °C in an oven for 0.5 h to become fluid for mixing. The modifier, a specified amount of TLA, was added into liquid base bitumen with the external addition method. The temperature of the modified binders was kept at 160 °C for 1 h. After this time, the mixture was stirred at 3000 rpm for 5 min to disperse homogeneously the TLA in the base bitumen. The samples were used for tests immediately after preparation. In each physical and rheological test six samples were evaluated to obtain a statistically justified average value of the respective property.




2.3. Physical Properties Tests


The penetration test at 25 °C, softening point test, and Fraass breaking point test were performed to evaluate the physical properties of the 35/50 bitumen, the TLA and the TLA-modified binders. The penetration tests were performed according to the European standard [21] to evaluate the hardness of bitumen, TLA and binders. The softening point tests were performed according to the European standard [22] to determine the temperature at which a phase change occurs in bitumen, TLA and binders. The Fraass breaking point test following the European standard [23] was undertaken to evaluate the brittleness of bitumen and binders at low temperatures. The results of the physical tests of the base bitumen and the TLA are given in Table 1 and Table 2, while the results for the TLA-modified binders are given in Table 3.



The conventional mixing formulas (1) and (2) were also used to determine the penetration and softening point of the TLA-modified binders as follows [28]:


   P  m i x   =    (   P A   )   a  ·    (   P B   )   b  ,  



(1)






   S  P  m i x   = a S  P A  + b S  P B    ,    



(2)




where:




	
Pmix—the estimated penetration of the modified binder;



	
SPmix—the estimated softening point of the modified binder;



	
PA and PB—the measured penetrations of two components: base bitumen (A) and TLA (B), respectively;



	
SPA and SPB—the measured softening points of two components: base bitumen (A) and TLA (B), respectively;



	
a and b—the proportions of components (A) and (B) in the mixture, respectively (a + b = 1).








Additionally, the plasticity range and the penetration index were determined using the experimental values of penetration, softening point, and Fraass breaking point. The plasticity range (PR) is the difference between the softening point and the Fraass breaking point in [°C]. Within the plasticity range, the binder maintains its viscoelastic properties. The penetration index (IP) is a dimensionless value to measure of temperature sensitivity of the binder. The lower the penetration index, the greater the temperature sensitivity of the binder. The determination of the penetration index according to the European standard [25] assumes that the binder at the softening point has penetration equal to 800 [0.1 mm].



However, the applicability of these physical parameters to evaluate temperature sensitivity and the viscous properties of binders is relatively often questioned. Instead, the dynamic shear rheometer (DSR) tests are used to determine these binder properties. Moreover, to evaluate the pavement performance regarding deformation or cracking under extreme service temperatures, the determination of the rheological parameters (complex modulus, phase angle, etc.) of the binders seems to be a more reliable method [10,11,12].




2.4. Rheological Properties Tests


Sinusoidal oscillation loading was utilized to undertake the dynamic shear rheological test (DSR). The DSR measures a sample’s complex shear modulus (G*) and phase angle (δ). The first parameter can be considered as the sample’s total resistance to deformation when shear loaded, while the latter is the lag between the applied shear stress and the resulting shear strain. Typically, the higher the G* value, the stiffer the binder is (able to resist deformation), and the lower the δ value, the greater the elastic portion of G* is (able to recover its original shape after being deformed by a load).



However, based on the SHRP specification, Bahia [29] suggests the use of these two parameters (G*, δ) at a fixed temperature and frequency of testing. Since the viscosity of the binder changes with temperature and the elastic properties of the binder change with the frequency of loading, the above parameters have been suggested to be ineffective in predicting the rutting performance of binders, especially in the case of modified binders [30,31,32,33]. Rutting parameter G*/sinδ does not fully evaluate the delayed elasticity—this parameter measures a short loading time, which is representative of traffic loading. For some binders, this process is long, which leads to underestimating the resistance to permanent deformation. A parameter that includes both features is the zero shear viscosity (ZSV) [34]. The concept of ZSV was introduced by Sybilski [35] to evaluate the contribution of binders to the rutting resistance of bitumen pavements. ZSV is a suitable indicator to evaluate the partial contribution of the binder to the rutting resistance of bitumen pavement layers. Thus, in this study, the ZSV of TLA-modified binders was calculated using different models and test methods.



The available literature describes many test methods for the experimental determination of ZSV of binders based on the use of DSR under different experimental conditions, both oscillatory and creep mode [36,37,38]. In this study, ZSV was determined with two different test modes: frequency sweep test and creep test. Following the preparation of the modified binders, both rheological tests were conducted using DSR for original (unaged) samples. For both rheological tests, the Grubbs test was carried out to detect outliers in a univariate data set assumed to come from a normally distributed population. To calculate the ZSVs of the modified binders, the Cross model was fitted to measure the complex viscosity (η*).



2.4.1. Frequency Sweep Test


The dynamic oscillatory tests according to the European standard [39] using a HAAKE RheoStress 1 Rheometer were carried out. The test geometry with a 25 mm diameter plate and 1 mm gap was used. A constant strain of 5% was applied over a range of test temperatures (between 40 °C and 60 °C with an increment of 10 °C) and frequencies (between 0.01 and 100 Hz). All tests were performed in the linear viscoelastic range.



The Cross model was used to estimate a zero shear viscosity of the modified binders [40]. The Cross model describes flow curves of the modified binder in the form of a four-parameter function as follows:


     η *  −  η ∞ *     η 0 *  −  η ∞ *    =  1  1 +    (  K ω  )   m    ,  



(3)




where:




	
   η *    is the complex viscosity;



	
   η 0 *    is the ZSV;



	
   η ∞ *    is the limiting viscosity in the second Newtonian region;



	
 ω  is the angular frequency [rad/s];



	
K and m are constants.








The HAAKE RheoWin, a complete measuring and evaluation software package was used to control the rheometer and to handle the measured data with the selected rheological evaluation method. In this study the Cross model material parameters (   η 0 *   ,    η ∞ *   , K, m) were determined with this software.




2.4.2. Creep Test


ZSV (   η 0 *   ) can be also determined by a creep test, in which the load is applied until a steady state is obtained. ZSV in the creep mode is typically determined using a rheometer and in the temperature domain. In this rheological test, the constant direct shear stress is applied to a sample and the resulting deformation is measured as a function of loading time. The viscosities were calculated by Equation (4) using the Burgers model [41]:


   η i  =   Δ t   Δ J   =   900    J  e n d   −  J  15 min b e f o r e   e n d     ,  



(4)




where:




	
   η i    is the steady state viscosity (SSV) [Pa·s];



	
  Δ t   is time period [s];



	
  Δ J   is the difference compliance over the last 15 min [1/Pa];



	
   J  e n d     is the compliance measured at the end of the creep test [1/Pa];



	
   J  15 min b e f o r e   e n d     is the compliance 15 min before the load is removed [1/Pa].








In the creep method, ZSV was determined according to the CEN standard [42] at the specified temperatures: +40 °C, +50 °C, and +60 °C. The same test configuration with a 25 mm diameter plate and 1 mm gap was used. The test consisted of two steps: in the first step, a stress sweep was executed to select the creep test stress and in the second step the creep test was performed with the selected stress for a sufficiently long time to reach steady-state flow. The applied shear stress was τ = 50 Pa.






3. Results and Discussion


3.1. TLA Content Effect on Physical Properties of Modified Binders


The physical properties determined for the TLA-modified binders are given in Table 3 and the following Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5. Generally, as expected, the test results presented in Table 3 show higher stiffness, higher softening temperature, and higher brittleness temperature obtained for all modified binders as compared to the base 35/50 bitumen.



As shown in Figure 1, the penetration value depends on the TLA content; the base bitumen was stiffened by the addition of TLA. The penetration proportionally decreases with increasing TLA content to a level of less than 50%. The TLA concentration of more than 30% changes the grade of bitumen into 20/30 penetration. A 50.4% decrease of penetration was obtained for the 50% TLA-modified binder. The mixture Equation (1) was used to predict the penetration reduction of the modified binder. However, the calculated values were slightly lower than the measured values.



Figure 2 shows that the softening point proportionally increases with increasing TLA content. For the 30% TLA-modified binder, the softening point is close to the upper limit of the service temperature under Polish climate conditions [43]; for higher TLA content, the softening point is above this limit. The softening point of TLA-modified binders was also determined by the mixture formula (2). The formula (2) does generally not fit measured values and the calculated values overestimate the measured ones. The softening point difference between calculated and measured values is proportional to the TLA content and increases with the TLA content.



The Fraass breaking point for the modified binders is shown in Figure 3. It is in the range of −12 °C to −8 °C. The increase of the TLA content in base bitumen increases the Fraass breaking point accordingly. The only exception to that was the 20% content of TLA, where the Fraass breaking point is almost the same as the one with 10% TLA. The relationship between the Fraass breaking point temperature and the TLA content was established in the form of a quadratic equation with quite good correlation (R2 = 0.975).



The temperature plasticity range of the modified binders is in the range of 68.9 °C to 71.3 °C, which is only slightly higher than the range for the base bitumen (Figure 4). From these results, one can see that the TLA content has only a small effect on the plasticity range. All results are close to the most desired temperature range (about 80 °C), a conventional temperature range in which the binder exhibits the best viscoelastic behavior. However, the test results show higher softening temperature and higher brittleness temperature obtained for all modified binders as compared to base bitumen.



The penetration index value was determined based on penetration at 25 °C and the softening point temperature. The IP values range from −0.39 to −0.14 (Figure 5). All of the tested binders have an IP value falling within the range recommended in the European standard [25], i.e., from −1.5 to 0.7. However, the binders modified with 10% and 20% of TLA content has an IP value slightly higher (−0.14) than the rest of the bitumen; they have an IP value in the range of −0.32 to −0.40, similar to the base bitumen. The addition of 10% to 20% of TLA by weight has a good effect on IP value because the increase of IP in the modified binder causes a decrease of temperature susceptibility of bitumen, which is beneficial in terms of deformation resistance of pavement. Thus, the TLA content in the range from 10% to 20% in the modified 35/50 base bitumen seems to be the optimal value for increasing the stiffness and reducing the temperature sensitivity, which is desirable for bitumen.




3.2. TLA Content Effect on Rheological Properties of Modified Binders


3.2.1. Complex Modulus and Phase Angle


The plots of the complex modulus (G*) and phase angle (δ) versus frequency at test temperature from 40 °C to 60 °C and various TLA content levels are shown in Figure 6. The TLA content has a huge impact on stiffness (G*) and viscous response (δ) of the modified binders. As expected, the addition of TLA in 35/50 bitumen resulted in increased stiffness of the modified binders. The isothermal curves in Figure 6 clearly show that the TLA content resulted in a vertical shift of the (G*) curve to higher values but without the change of the curve shape. Consistent with trends observed in the viscoelastic response, the (G*) value of the binders increased as the temperature of the test was reduced. The (G*) value at the test temperature in the range of 40 °C to 60 °C increased with increasing load frequency. Figure 6 also shows that for all binders the phase angle (δ) decreased with increasing frequency, suggesting a more elastic response with loading time decreasing at each test temperature. Moreover, the TLA content in the base bitumen increased the elastic response, as shown by the reduction of the (δ) value due to an especially high elastic response in TLA. These characteristics are comparable with those observed in the base bitumen.



The complex modulus (G*) and phase angle (δ) of the TLA-modified binders versus test temperature are shown in Figure 7. At a specific test temperature, the complex moduli of the modified binders were higher than that of base bitumen. The G* value increased with the increase of TLA content, which reveals that the modified binders had a better deformation resistance. The phase angle decreased gradually with TLA content increasing, showing that at a specific temperature the modified binders with higher TLA content were more elastic than those with lower content.



Figure 8 presents the black curves of the TLA-modified binders, i.e., the plots of complex modulus (G*) versus phase angle (δ) with no reference to frequency or temperature, used mostly for evaluation of differences in bitumen products. The effects caused by modification are highlighted by this form of presentation. Figure 8 shows that the modified binders have black curves very well comparable to that of the base bitumen; however, none shifted towards a stiffer and more elastic response. Typically, a modified binder has a lower phase angle than the base bitumen.




3.2.2. Zero Shear Viscosity


The ZSV values determined for the TLA-modified binders are shown in Table 4 depending on the test method (frequency sweep test or creep test) and test temperature.



The measured and calculated (based on the Cross model) data of complex viscosities (η*) versus the angular frequency (ω) in the temperature range of 40 °C to 60 °C are shown in Figure 9 on a log-log plot. At any frequency, the TLA addition increased the complex viscosity (η*) and the viscosity stiffening effect of TLA depends on the TLA content at a specific temperature. The higher the TLA concentration, the stiffer the modified binder, which is compatible with the physical test results. The plots show that at the specific temperature the base bitumen was similarly frequency-dependent as the TLA-modified binders. For all binders, the complex viscosity (η*) generally decreased with the load frequency (ω) increase, pointing out that at the tested temperature the TLA-modified binders tend towards base bitumen behavior. As shown in Figure 9, for the modified binders the slopes of the curves at 50 °C are flatter comparing to the slopes at 40 °C and 60 °C.



The high compliance of viscosity values between the calculated (i.e., based on the Cross model) and measured data ranging from 0.01 to 100 Hz is shown in Figure 9. Therefore, the ZSV values for the TLA-modified binders could be determined at zero shear conditions. The results show that the TLA modification of the base bitumen increased the ZSV value at a specific temperature.



A decrease of the ZSV was revealed with the TLA content decrease and the test temperature increase (Figure 10). The highest ZSV increase was determined at 40 °C; more than two-fold ZSV increase was obtained for 10% TLA content and about the three-fold increase for 20% TLA comparing to the base bitumen. At the remaining temperatures, the relevant ZVS increases were lower: 1.7 and 2.5 at 50 °C and 1.6 and 2.4 at 60 °C, for 10% and 20% TLA, respectively (Figure 11).



Similar results of ZSV as for frequency sweep test were obtained from creep test and are shown in Figure 12, Figure 13 and Figure 14. In Figure 12, the creep curves for TLA-modified binders at the specific temperature are plotted. For each TLA content at the specific temperature, the sample has reached a steady-state in the last 15 min of the test. The TLA addition increased the viscosity stiffening effect of TLA, which was revealed by much smaller deformations at the same shear load 50 Pa. The stiffening effect of TLA depends on the specific test temperature. The higher the test temperature, the lower the stiffening effect of TLA and the greater increase in creep deformation obtained. The shape of creep curves is similar, which reveals the stiffening effect of TLA, not the modification of the binder character itself.



Just as with the frequency sweep test, a proportional decrease of the ZSV was obtained with a decrease of TLA content and an increase of the test temperature (Figure 13). The highest ZSV increase was observed at 40 °C; the two-fold ZSV increase was obtained for 10% TLA content and slightly less than the three-fold increase for 20% TLA compared to the base bitumen. At the remaining temperatures, the relevant ZVS increases were lower: 1.7 and 2.5 at 50 °C and 1.6 and 2.4 at 60 °C, for 10% and 20% TLA, respectively (Figure 14).




3.2.3. Comparison of Two Methods of Rheological Testing


The rheological testing carried out in this study evaluated two methods for determining the ZSV of modified binders. The values determined in the creep test versus the values calculated using the Cross method are shown in Figure 15. A good correlation is revealed between both methods (the difference between the two methods is within 10%), and, thus, the Cross method can be reliably used to obtain the ZSV for the TLA-modified binders tested in this study. There are no significant outliers in the entire range of ZSV values.






4. Conclusions


A comprehensive investigation of TLA-modified binders was presented in this study. The most popular base bitumen with 35/50 grade penetration was modified with five different TLA content in the range of 10% to 50% by weight. The physical and rheological tests were performed in the laboratory to evaluate the relevant properties of TLA-modified binders. The following observations were made as a result of the study:




	
The addition of TLA to the 35/50 base bitumen caused the penetration reduction and the softening point increase, as expected based on previous research. These physical values were proportional to the TLA content of less than 50%.



	
The penetration and softening point values were not exactly anticipated by the conventional mixture formulas. The calculated penetration values were lower than the measured ones, while the predicted values of the softening point were overestimated.



	
TLA content of less than 50% caused an increase of the complex modulus (G*) and a reduction of the phase angle (φ) of the base bitumen, indicating that the addition of TLA into 35/50 bitumen results in increased stiffness and elastic response of the modified binder. This also reveals that the TLA-modified binder has a better deformation resistance.



	
The DSR test revealed an increase of viscosity value at each temperature after the addition of TLA. The higher the TLA content, the stiffer the modified binder, which is compatible with the physical test results. For all binders the complex viscosity (η*) generally decreased with load frequency (ω) increase, highlighting that, at the tested temperature, the TLA-modified binders tend towards base bitumen behavior.



	
The ZSV decrease was observed with a decrease in TLA content and an increase in the temperature. The highest ZSV increase was observed at 40 °C; more than a two-fold ZSV increase was obtained for 10% TLA content and about the three-fold increase for 20% TLA compared to the base bitumen.



	
Within the diversity of the binders and the test temperature range, the very comparable ZSV values were obtained using both testing methods, i.e., the Cross method and the creep method. This study revealed that ZSV may be reliably determined from either frequency sweeps or single cycle creep tests.



	
The TLA content added as a modifier in the 35/50 base bitumen should be in the range of 10% to 20% by weight. Higher contents of TLA may make the binder very stiff, which could induce low-temperature cracks in mastic asphalt.



	
The TLA-modified binders can enhance the deformation resistance of base bitumen by increasing the stiffness and extending the durability of the respective mastic asphalt bridge pavement.








The main findings of the current study let us anticipate how the TLA content in base bitumen can improve the properties of an MA mixture to make it more resistant to plastic deformations under heavy traffic. The research results revealed the appropriate TLA content for the 35/50 base bitumen as one of the possible solutions for MA against those reported in the literature, i.e., application of harder asphalt 20/30 or softer asphalt 50/70 with more TLA content (30%). Thus, the supplier and/or contractor can choose the binder (base bitumen and appropriate modification) and, taking into account both technological and economical aspects, use the best composition to achieve a durable MA pavement, resistant to plastic deformations.



Further research should include testing the TLA-modified binder properties after short-term aging and long-term aging and finally composing and testing the resultant mastic asphalt mixture to confirm its adequate resistance to plastic deformations. Furthermore, based on the literature, it can be concluded that ZSV is a good parameter of resistance to permanent deformation of conventional asphalt mixtures. However, it has not been studied more extensively in the context of mastic asphalt. This was one of the reasons why the authors took up this issue. In further studies, the ZSV will be used to estimate the appropriate amount of TLA for use in mastic asphalt in bridge pavement.
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Figure 1. Penetration of TLA-modified binders. 
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Figure 2. Softening point of TLA-modified binders. 
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Figure 3. Fraass breaking point of TLA-modified binders. 
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Figure 4. Plasticity range of TLA-modified binders. 
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Figure 5. Penetration index of TLA-modified binders. 
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Figure 6. Isothermal curves of TLA-modified binders at (a) 40 °C; (b) 50 °C; (c) 60 °C. 
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Figure 7. Complex modulus (G*) and phase angle (δ) of TLA-modified binders. 
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Figure 8. Black curves of TLA-modified binders at (a) 40 °C; (b) 50 °C; (c) 60 °C. 
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Figure 9. Measured and calculated viscosities versus angular frequency on a log-log plot at (a) 40 °C; (b) 50 °C; (c) 60 °C. 
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Figure 10. ZSV from the Cross model versus test temperature and TLA content on a semi-log plot. 
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Figure 11. ZSV from the Cross model for various TLA content and test temperatures. 
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Figure 12. Creep curves for TLA-modified binders at (a) 40 °C; (b) 50 °C; (c) 60 °C. 
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Figure 13. ZSV from creep test versus test temperature and TLA content on a semi-log plot. 






Figure 13. ZSV from creep test versus test temperature and TLA content on a semi-log plot.



[image: Applsci 11 02796 g013]







[image: Applsci 11 02796 g014 550] 





Figure 14. ZSV from creep test for various TLA content and test temperatures. 
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Figure 15. ZSV from creep test versus ZSV from the Cross model. 
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Table 1. Basic properties of the 35/50 penetration grade bitumen.
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	Properties
	Unit
	Test Methods
	Test Results
	Requirements

According to [21]





	Penetration
	[×0.1 mm]
	[22]
	42.8 ± 0.6
	35.0–50.0



	Softening point
	[°C]
	[23]
	55.1 ± 0.6
	50.0–58.0



	Fraass breaking point
	[°C]
	[24]
	−13 ± 1.5
	≤−5



	Density at 25 °C
	[kg/m3]
	[25]
	1020 ± 6
	no requirements
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Table 2. Basic properties of Trinidad Lake Asphalt (TLA).
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	Properties
	Unit
	Test Methods
	Test Results
	Requirements

According to [26]





	Penetration
	[×0.1 mm]
	[21]
	4.0 ± 0.5
	0.0–4.0



	Softening point
	[°C]
	[22]
	101.2 ± 1.0
	93.0–99.0



	Solubility
	[% (m/m)]
	[27]
	57.6 ± 1.0
	52.0–55.0



	Density at 25 °C
	[kg/m3]
	[24]
	1380 ± 8
	1390–1420
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Table 3. Basic physical properties of TLA-modified binders.
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	Properties
	Unit
	35/50 (Base)
	35/50

+10%TLA
	35/50

+20% TLA
	35/50

+30% TLA
	35/50

+40% TLA
	35/50

+50% TLA





	Penetration at 25 °C
	[×0.1 mm]
	42.8 ± 0.8
	39.9 ± 1.2
	31.8 ± 1.9
	25.9 ± 0.4
	23.3 ± 0.4
	21.2 ± 0.3



	Softening point
	[°C]
	55.1 ± 0.6
	56.9 ± 0.5
	59.3 ± 0.2
	60.2 ± 0.6
	61.2 ± 0.3
	62.6 ± 0.2



	Fraass breaking point
	[°C]
	−13.0 ± 1.5
	−12.0 ± 2.4
	−12.0 ± 2.1
	−11.0 ± 0.9
	−10.0 ± 0.9
	−8.0 ± 1.6



	Plasticity range (PR)
	[°C]
	68.1 ± 1.5
	68.9 ± 2.5
	71.3 ± 2.2
	71.2 ± 0.9
	71.2 ± 0.9
	70.6 ± 1.6



	Penetration index (IP)
	[–]
	−0.35 ± 0.13
	−0.14 ± 0.10
	−0.14 ± 0.13
	−0.40 ± 0.11
	−0.39 ± 0.06
	−0.32 ± 0.04
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Table 4. ZSV of TLA-modified binders.
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Binders

(% TLA)

	
Frequency Sweep Test

	
Creep Test




	
Test Temperature [°C]

	
Test Temperature [°C]




	
40

	
50

	
60

	
40

	
50

	
60






	
0% TLA

	
63,840 ± 4210

	
8916 ± 763

	
1740 ± 36

	
57,832 ± 4089

	
8769 ± 1009

	
1682 ± 105




	
10% TLA

	
130,367 ± 9649

	
15,510 ± 1376

	
2865 ± 165

	
117,026 ± 4216

	
14,711 ± 1400

	
2698 ± 172




	
20% TLA

	
186,383 ± 11,031

	
23,063 ± 1903

	
4118 ± 318

	
166,109 ± 11,294

	
22,312 ± 1597

	
3965 ± 295
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