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Abstract

:

The present study aims to examine the effect of modifiers (Styrene-Butadiene-Styrene and crumb rubber) on the rutting, moisture-induced damage, and workability properties of hot mix asphalt (HMA) mixtures. In this study, three types—namely, control (CB), crumb rubber-modified (CRMB), and polymer-modified (PMB)—of mixtures/binders were evaluated. The rutting properties were evaluated using a wheel tracking device and the Multiple Stress Creep Recovery (MSCR) test. The moisture-induced damage properties were evaluated using the Indirect Tensile Strength (modified Lottman) and bitumen bond strength (BBS) tests. The workability properties were evaluated using densification indices (Bahia and locking point method) and a viscosity test. The results indicate that CRMB mixtures were less workable and exhibited a better resistance to rutting than the PMB and CB mixtures. Further, the PMB mixtures had increased resistance to moisture-induced damage, while the effect of the CRMB mixtures was negligible compared to the CB mixtures.
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1. Introduction


The use of modifiers such as polymers and recycled crumb rubber has been gaining popularity in recent decades. It has been successfully adopted by transportation agencies in hot mix asphalt (HMA) pavements due to the environmental benefits and ability to improve the performance of asphalt mixtures related to rutting and moisture-induced damage [1,2,3]. Rutting or permanent deformation is one of the main causes of distress in HMA pavements and is due to the rise in traffic volume and heavier loads [4,5,6]. It is defined as the accumulation of unrecoverable strain due to applied wheel loads, resulting in a reduction in the performance and service life of HMA pavements [7,8]. Due to rutting, many problems arise, such as water accumulation, which results in the entry of water into the pavement layers and weakening of the structure [9]. In addition, water accumulation results in hydroplaning, which is a safety hazard for vehicles [10]. However, to tackle this rutting problem in the pavement, several studies have been conducted, resulting in the development of rutting models and concepts and the invention of testing methods. Most studies have evaluated the rutting properties of HMA pavements using wheel tracking test devices [4,5,6,11,12,13]. Previous studies conducted on HMA mixtures with the use of polymers and recycled crumb rubber have exhibited a better resistance to rutting [1,2,11,14,15,16]. In addition, studies carried out to evaluate the rutting resistance of unmodified and polymer-modified mixtures have shown that polymer-modified mixtures exhibit a better resistance [13,16]. Studies on crumb rubber-modified mixtures have shown better rutting resistance [15]. It is important to note that the majority of the reported work on the rutting of asphalt binder has utilized the Superpave rutting parameter (G*/sinδ), which is unsuitable for characterizing modified asphalt binder due to the unaccountability of the delayed recovery response associated with modifiers [17,18]. The refinement of the testing protocol over the years included the development of the Multiple Stress Creep Recovery (MSCR) test, which predict the high-temperature performance of modified asphalt binder better [19,20]. Results have shown that the MSCR test provides a much better correlation with mixture rutting than the existing Superpave binder criteria [19]. Therefore, considering the limitations of G*/sinδ, one of the aims of this research work was to investigate the effect of modifiers on the rutting properties of asphalt binders using the MSCR test.



Likewise, moisture-induced damage is also one of the concerns in HMA pavements and is defined as the breakdown of the adhesive bond between aggregate and asphalt due to the presence of water, which, in turn, results in a loss of cohesion, strength, and stiffness [13,21,22]. Different indirect approaches, such as the Tensile Strength Ratio (TSR) test, the boiling test, the stripping test, etc., have been used in the past to evaluate moisture-induced damage properties [13,21]. Previous studies conducted on HMA mixtures have a exhibited better resistance to moisture-induced damage with the use of polymers and recycled crumb rubber [11,14,15,16]. In addition, studies carried out to evaluate the moisture-induced damage resistance of unmodified and polymer-modified mixtures have shown that polymer-modified mixtures exhibit a better resistance to moisture-induced damage [11,16]. Studies on crumb rubber-modified mixtures have shown a detrimental effect on moisture-induced damage properties due to the higher air void content [15], which enables the loss of moisture at the asphalt–aggregate interface, causing more moisture damage [23]. However, every approach fails to answer whether failure has taken place at the aggregate–asphalt binder interface or within the asphalt binder matrix phase itself. Such information is essential so that further action can be taken to address it appropriately. Recent development in this area shows that the bitumen bond strength (BBS) using the “Pneumatic Adhesion Tensile Testing Instrument (PATTI)” test could appropriately answer this question [21].



The evaluation of workability in HMA pavements along with the mix design and mechanical properties is necessary. In recent years, workability in terms of the Compaction Densification Index (CDI) and Traffic Densification Index (TDI) has been immensely investigated by Bahia and the locking point method using Superpave Gyratory Compactor (SGC) densification curves [24,25]. CDI and TDI are densification indices used to relate the workability and rutting performance of HMA mixtures, respectively [12,13,24,25,26]. Studies on the workability properties of HMA mixtures have suggested that aggregate gradation and type have a significant effect [26]. However, the effect of modifiers on the workability properties of HMA mixtures has not been addressed. Further, rotational viscosity has been adopted successfully and considered as one of the important parameters in characterizing the workability of asphalt binders [26], due to the fact that it represents the binder’s ability to be pumped through a HMA plant and the degree of coating of aggregates in HMA mixtures [26].




2. Research Objectives and Methodology


The main research objective of the present study was to evaluate and understand the effects of varying modifiers on the mechanical properties (including rutting, moisture-induced damage, and workability properties) from the perspectives of both binders and mixtures. Meanwhile, the mix design properties were evaluated using the Superpave method for various design gyrations. Binder tests were performed using Dynamic Shear Rheometer (DSR, PRO+, Malvern Panalytical, Malvern, UK) and PATTI (Defelsko PosiTest Atlanta, USA), while the asphalt mixtures were conducted with respect to the gyration compaction test, the wheel tracking test, and the modified Lottman test in order to evaluate the desired properties.



Figure 1 presents the methodology used in the present study. The base bitumen was used as the control binder (CB), and at the same time it was mixed with CR and SBS to produce CRMB and PMB. The binder testing was conducted by considering the three target properties (workability, rutting properties, and moisture-induced damage) by means of measuring the viscosity, MSCR, and BBS, respectively. On the other hand, the three types of binders were used to prepare asphalt mixtures with varying contents (5.5%, 6%, and 6.5%) to evaluate the mix design properties and determine the optimum binder content for each mixture. Subsequently, the same three target properties of the mixtures were evaluated using the Bahia method, the locking point method, the wheel tracking test, and the modified Lottman test, respectively.




3. Materials, Sample Preparation, and Experimental Methods


3.1. Materials and Sample Preparation


In the present study, granite stones were used as coarse and fine aggregates, and their properties are presented in Table 1.



The aggregate gradation of the nominal maximum aggregate size (19.0 mm) conforming to the requirements of American Society of Testing Materials (ASTM) D3515 was adopted as presented in Table 2.



SK-70 asphalt (South Korea asphalt with a penetration of 70, 1/10mm) supplied by a local manufacturer was used in this study for modification with Styrene-Butadiene-Styrene (SBS) and crumb rubber (CR). The CR used in the present study is from the mechanical grinding of scrap tires at room temperature; these scrap tires are comprised of 100% of the weight of car tires. The particles passed 0.600 mm and retained at 0.300 mm sieves. The contents of SBS and CR were 4.5% and 20% by asphalt weight, respectively, and were selected based on previous research articles [8,18]. Firstly, SBS and CR were added slowly to the heated base binder in approximately 2 min. Mixing was further carried out for 30 min at a rotational speed of 700 rpm under controlled temperature conditions at 170–180 °C [8,18]. The asphalt binder combinations prepared with CR and SBS were referred to as CRMB and PMB, respectively, and the properties of the CB, CRMB, and PMB binders are presented in Table 3. In order to carry out the MSCR and BBS tests, binders were subjected to short-term aging (Rolling Thin-Film Oven Test, RTFOT) as per ASTM D2872.




3.2. Experimental Methods


The experimental design included the evaluation of the asphalt binder and mixture properties, as summarized in Table 4. Asphalt binder properties such as MSCR and BBS and the viscosity test of the CB, CRMB, and PMB binders were evaluated. A rotational viscosity test was carried out to characterize the workability of the asphalt binders as per ASTM D4402 using a Brookfield viscometer. The viscosity values of unaged CB, CRMB, and PMB binders were measured in the temperature range from 120 to 180 °C at intervals of 15 °C.



The MSCR test was conducted on short-term aged CB, CRMB, and PMB binders using DSR with a parallel plates (oscillating plate and fixed plate) arrangement at 64 °C as per American Association of State Highway and Transportation Officials (AASHTO) TP70, as shown in Figure 2.



The samples were subjected to 10 loading cycles; each consists of 1 s as a creep period and 9 s as a recovery period at standard stress levels of 0.1 and 3.2 kPa. The strain response was recorded over the entire loading and recovery periods. Based on the recorded strain response, the recovery (%R) and non-recoverable creep compliance (Jnr) values were calculated as per Equation (1) and Equation (2), respectively. Further, the Jnr measured at 3.2 kPa was utilized to check the suitability of different asphalt binder combinations for different traffic levels, as per AASHTO MP 19. Moreover, the difference in the Jnr value (Jnr_diff) corresponding to the stress levels of 0.1 and 3.2 kPa was also analyzed to investigate the influence of modifiers on the stress sensitivity aspect (Equation (3)).


   R     %  =      ∑  n = 1   10          ε 1  −  ε  10      ϵ 1       n    10   × 100   ,  



(1)






   J  nr   =      ∑  n = 1   10          ε  10    τ     n    10     ,  



(2)






   J  nr  _  diff      %  =      J  nr _ 3.2   −  J  nr _ 0.1      J  nr _ 0.1     × 100 ,  



(3)




where R (%) = percentage recovery, ε10 = strain at the end of each recovery period, ε1 = strain at the end of each creep loading period, Jnr = non-recoverable creep compliance (kPa-1), and τ = standard stress level during the creep loading phase. Jnr_0.1 and Jnr_3.2 are the non-recoverable creep compliance values for the creep loadings of 0.1 and 3.2 kPa respectively.



The BBS test was conducted on short-term aged CB, CRMB, and PMB binders as per AASHTO T 361, as shown in Figure 3.



The granite aggregate samples were cut into approximately rectangular shapes (100 mm × 100 mm) to accommodate the testing of at least three replicate samples. The pull-off stubs were initially heated at 150 °C for 30 min to remove the moisture, if any. Aggregate substrates were also kept at 60 °C for preparing specimens for BBS testing. Preheated asphalt binder was initially poured into a silicon mold (to accommodate the control volume required for sample preparation). Aggregate substrates and pull-off stubs were further taken out from the oven, and asphalt binder from the silicon mold was instantly transferred to the pull-off stub and kept undisturbed for 10 s. The asphalt poured pull-off stub was further pressed firmly on the aggregate surface until an excessive amount oozed from the bottom of the stub. For dry conditioning, the samples were left at room temperature for 24 h. For wet conditioning, the samples were first kept at room temperature for 1 h, followed by submergence in the water bath at 40 °C for 24 h.



Testing was performed using PATTI at a calibrated axial tensile loading rate of 0.69 MPa/sec. The Pull-Off Tensile Strength (POTS) value was calculated using Equation (4), and the Bond Strength Ratio (BSR) was evaluated as per Equation (5).


  P O T S =     B P ∗  A g    − C    A  P S     ,  



(4)






  B S R =       P O T  S  w e t     P O T  S  d r y       ,  



(5)




where Ag = contact area of gasket with reaction plate (mm2); BP = burst pressure (kPa); APS = area of pull stub (mm2); C = piston constant. The POTSs for the conditioned and unconditioned samples are referred as POTSwet and POTSdry, respectively.



In order to evaluate the asphalt mixture properties, three types of mixtures (CB, CRMB, and PMB) was evaluated. The Superpave mix design procedure was adopted as per Superpave series No. 2 (SP-02), and subsequently the mixing and compaction temperatures adopted were 150–165 °C and 135 °C, respectively (SP-02). The design gyration (Ndes) of 75 gyrations was adopted to compact Superpave specimens with 100 mm diameters based on the nominal maximum aggregate size requirements, as recommended in SP-02. The mix design properties of the CB, CRMB, and PMB mixtures were conducted at three binder contents (5.5%, 6.0%, and 6.5%), and the design asphalt content (ACdesign) of each mixture was optimized based on the requirements of SP-02. To evaluate the workability properties, loose asphalt mixtures were compacted to 98% Gmm or 225 gyrations using SGC [24,25]. The number of gyrations, CDI, and TDI were calculated by adopting the Bahia and locking point method [11,12,13]. To evaluate the rutting properties, asphalt slab specimens of dimensions 300 × 300 × 50 mm were fabricated with a Voids in Total Mixtures (VTM) of 7.0 ± 0.1% at their respective design asphalt contents. A small-size wheel tracking test device was used to evaluate the rutting properties (rut depth at 10,000 passes and dynamic stability) as per EN 12697-22 in dry conditions at a testing temperature of 60 °C. To evaluate the moisture-induced damage properties, mixtures were prepared at design asphalt contents and were compacted into cylindrical specimens (VTM of 7.0 ± 0.1%). The moisture-induced damage properties, such as the indirect tensile strength (ITS) and tensile strength ratio (TSR), were evaluated according to AASHTO-T283 (modified Lottman test).





4. Results and Discussion


4.1. Mix Design Properties


Table 5 represents the mix design properties of the CB, CRMB, and PMB mixtures.



The bulk density (Gmb) values of the CB, CRMB, and PMB mixtures were found to be 2550, 2380, and 2410 kg/m3, respectively. The results clearly indicate that a lower density was observed for the CRMB and PMB mixtures compared to the CB mixtures. For instance, a reduction in density of 6.7% and 5.5% was noticed with the CRMB and PMB mixtures with respect to the CB mixture. According to the specifications of SP-02 (Asphalt Institute, 2001), at 4 ± 0.1% VTM, the optimum asphalt contents (OACs) of the CB, CRMB, and PMB mixtures were found to be 5.5%, 6.5%, and 6.0%, respectively, indicating that the addition of modifiers requires a higher asphalt content to achieve the target VTM. Similar findings were noticed by Lee et al. [14] and Saboo and Kumar [15], with the use of polymers and recycled crumb rubber in HMA mixtures, indicating that the OAC for the asphalt mixtures with polymers and recycled crumb rubber is approximately 0.5–1% higher than for the control mixtures. The specifications of SP-02 (Asphalt Institute, 2001) suggest that the Voids in Mineral Aggregate (VMA) values should be a minimum of 13% and the Voids Filled with Asphalt (VFA) values should be in the range of 65–78%. The results clearly indicate that the CB, CRMB, and PMB mixtures had VMA values greater than 13%, and the VFA values were within the limits. Further, it can be noticed that the addition of modifiers resulted in higher VMA and VFA values.




4.2. Workability Properties


The viscosity values of the CB, CRMB, and PMB binders are shown in Figure 4. The results clearly indicate a decrease in the viscosity values with an increase in temperature, irrespective of binders. In addition, at a particular temperature the CRMB and PMB binder exhibited a higher viscosity compared to that of the CB binders. The possible reason for this may be that the addition of the CR and SBS modifiers could stiffen the bitumen, resulting in a higher viscosity value. Based on the viscosity results, it can be concluded that the addition of modifiers reduces the pumping ability in the HMA plant. Further, it can be concluded that the CRMB binder exhibited a higher viscosity compared to the PMB binders. This may be explained by the fact that the CR particles absorbed a large amount of light oil in the base binder during swelling, which caused the viscosity of the base asphalt to increase. As the temperature increases, the viscosity of PMB approaches that of CB, while the value of CRMB is still higher than that of CB. It can be inferred that PMB can have a similar workability to CB at a proper mixing temperature, while even at a higher mixing temperature of 180 °C the workability of CRMB is still weaker than that of CB. In addition, the viscosity of CRMB is more sensitive to temperature than that of PMB, followed by CB. Therefore, the mixing temperature should be optimized as different types of modifiers are used.



Figure 5 represents number of gyrations and the CDI and TDI values calculated using the Bahia and locking point methods for the CB, CRMB, and PMB mixtures.



The results clearly indicate that the number of gyrations and the CDI values for the CRMB and PMB mixtures were higher than those of the CB mixtures for both the Bahia and socking point methods. For instance, increases in the CDI values by 62.2% and 43.9% were observed for the CRMB and PMB mixtures compared to the CB mixtures when calculated using the locking point method. As a result, it can be concluded that the CRMB and PMB mixtures take more energy for densification and were less workable compared to the CB mixture, due to fact that the CRMB and PMB mixtures exhibited a lower density. Similarly, the TDI values of the CRMB and PMB mixtures were higher than those of the CB mixture for both the Bahia and locking point methods. For instance, increases in the TDI values by 86.2% and 51.9% were observed for the CRMB and PMB mixtures compared to the CB mixture when calculated using the locking point method. Finally, it can be concluded that CRMB exhibited better a rutting resistance (TDI values) and was less workable compared to the PMB mixture. This was consistent with the evaluation results of workability from the perspective of the binder.




4.3. Rutting Properties


Table 6 represents the %R, Jnr, and Jnr_diff values of the CB, CRMB, and PMB binders, corresponding to 0.1 and 3.2 kPa stress levels.



Higher %R and lower Jnr values are desirable for the improved rutting performance of asphalt binder. As expected, higher %R and lower Jnr values were noticed with the CRMB and PMB binders than with the CB binders, irrespective of the stress levels. For instance, decreases in Jnr values by 2488.2% and 197.3% were observed for the CRMB and PMB binders compared to for the CB binder at a 3.2 kPa stress level. Thus, it can be concluded that the CRMB and PMB binders exhibited a higher resistance to rutting compared to the CB binder based on the %R and Jnr values. Further, based upon the Jnr value corresponding to the standard stress level of 3.2 kPa, a binder can be categorized for different classes of vehicular loadings, as per AASHTO MP19. Table 6 clearly indicates that the addition of modifiers resulted in changing the vehicular loading grading to higher traffic loading conditions. Additionally, the stress sensitivity is considered as one of the most important parameters and it is desirable to have lower degree of stress sensitivity in an asphalt binder, which in turn helps in extending the service life of the pavement. From the results, it is evident that the addition of modifiers resulted in an increase in the sensitivity of the control binder towards the varied axle loading pattern, but this was within the requirements of AASHTO TP70 (Jnr_diff ≤ 75%).



Figure 6 represents the rutting properties in terms of the rut depth and dynamic stability of the CB, CRMB, and PMB mixtures.



The rut depths of the CB, CRMB, and PMB mixtures were 3.5, 2.7, and 3.1 mm, respectively. Similarly, the dynamic stabilities of the CB, CRMB, and PMB mixtures were 3049, 4015, and 3695 mm/min, respectively. The results indicate that the CRMB and PMB mixtures showed a lower rut depth and higher dynamic stability values than the CB mixture. For instance, increases in the dynamic stability values by 24.1% and 17.5% were observed for the CRMB and PMB mixtures compared to the CB mixture. Thus, it can be concluded that the CRMB and PMB mixtures were more rut-resistant compared to the CB mixture, due to fact that the CRMB and PMB mixtures exhibited higher VMA values and the addition of modifiers resulted in a stiffer mixture. Finally, it can be concluded that the CRMB mixture exhibited a better rutting resistance compared to the PMB mixture. This may be due to the higher viscosity of CRMB, which is advantageous for resistance to rutting [14,15]. The rutting results were also analysed using the correlation between wheel tracking and the MSCR test, as shown in Figure 7. It is clearly evident that lower Jnr values indicated lower rut passes and a higher dynamic stability. Similarly, higher %R values indicate lower rut passes and a higher dynamic stability. The dynamic stability had a good correlation, with an R2 of 0.991 and 0.959 with respect to the Jnr and %R values, respectively. Similarly, the rut depth had a reasonable correlation, with an R2 of 0.811 and 0.728 with respect to the Jnr and %R values, respectively. In addition, it can be inferred that, for the same aggregate gradation, the increase in the rutting resistance of the mixture is basically contributed by the asphalt binder. This also shows that the increase in asphalt viscosity improves the high-temperature performance of the mixture.




4.4. Moisture-Induced Damage Properties


The bond strength properties of the CB, CRMB, and PMB binders were evaluated using the BBS test based on the POTS and BSR values. Table 7 shows the variation in POTSdry as well as POTSwet with the considered granite aggregate type of the CB, CRMB, and PMB binders. It is clear from the result that the addition of modifiers resulted in an increase in bond strength for both dry and wet conditions. For instance, increases in the POTSwet values by 10.5% and 23.3% were observed for the CRMB and PMB binders compared to the CB binder. It is important to note that the interaction between the modifiers and asphalt binders plays an important role and may affect the overall bond strength with the aggregate, as evident from the plot. The BSR values of the CB, CRMB, and PMB binders were 0.90, 0.92, and 0.94, respectively. A higher value of BSR is desirable, as it represents a relatively lower degree of decrease in POTSwet due to damage induced by the presence of moisture. It is clear from the results that the addition of modifiers resulted in an increase in the BSR values. For instance, increases in the BSR values by 2.6% and 4.7% were observed for the CRMB and PMB binders compared to the CB binder. Finally, it can be concluded that the CRMB and PMB binders had a negligible effect on the moisture-induced damage properties. This is attributable to the higher binder content, which increases the film thickness, making the mixture water-resistant [14,15].



Moisture-induced damage properties such as the ITS and TSR values of the CB, CRMB, and PMB mixtures are presented in Table 7. The results of the ITS test clearly indicate that the CRMB and PMB mixtures showed higher ITS values compared to that of the CB mixture for both dry and wet conditions. For instance, increases in the wet ITS values by 5.1% and 15.2% were observed for the CRMB and PMB mixtures compared to the CB mixture. It is to be noted that some of the Departments of Transportation in the USA have specified a minimum ITS value (Illinois center for transportation recommends the minimum ITS value as 414 kPa). However, the wet ITS values of the CB, CRMB, and PMB mixtures fulfilled the minimum requirement criteria. In addition, the TSR values of the CB, CRMB, and PMB mixtures were 87.9%, 90.1%, and 93.5%, respectively. The results of the TSR values indicate that the CB, CRMB, and PMB mixtures fulfilled the minimum TSR (85%) requirement, as suggested in SP-02 [26]. Finally, it can be concluded that the PMB mixture had increased resistance to moisture-induced damage, while the effect of the CRMB mixture was negligible compared to that of the CB mixture.



The moisture-induced damage properties were also analyzed using the correlation between the ITS and BBS test, as shown in Figure 8. It is clearly evident that higher TSR and BSR values indicated a better resistance to moisture-induced damage. The ITS and TSR values had a good correlation, with an R2 of 0.972 and 0.893 with respect to the POTS and BSR values, respectively.




4.5. Statistical Analysis


The above testing results were statistically analyzed by a one-way ANOVA (significance level α = 0.05) using MINITAB to examine the significance of modifiers in the rutting, moisture-induced damage, and workability properties, as shown in Table 8. It is clearly evident that the modifier types had significant effects (p < 0.05) for all the parameters related to workability (viscosity, CDI, and TDI values of the Bahia and locking point methods). TDI had the most significant effect because it had the highest F value, followed by the viscosity and CDI values. Similarly, Table 8 indicates that the effects of the modifier types were statistically significant with respect to the rutting properties (%R and Jnr from the multiple stress recovery test; rut depth and dynamic stability values from the wheel tracking test) based on the probability value (p < 0.05). Jnr had the most significant effect because it had the highest F value, followed by the %R, dynamic stability, and rut depth values. Table 8 also evidently indicates that the effects of modifier types were statistically significant with respect to the POTS, ITS, BSR, and TSR values based on the probability value (p < 0.05). POTS had the most significant effect because it had the highest F value, followed by the BSR, ITS, and TSR values.





5. Conclusions


Based on the rutting, moisture-induced damage, and workability test results, the following conclusions were drawn:




	
The mix design properties (VTM, VFA, and VMA) of CB, CRMB, and PMB mixtures were well within the requirements. A lower density was observed with the CRMB and PMB mixtures compared to the CB mixture.



	
The workability and viscosity results indicate that the addition of modifiers reduces the pumping ability and workability of the asphalt binder and mixtures, respectively. Further, the CRMB exhibited a better rutting resistance and was less workable compared to the PMB mixture.



	
The rut depth and dynamic stability results indicate that the addition of modifiers increases the rut resistance due to the fact that the CRMB and PMB mixtures exhibited higher VMA values, and also the addition of modifiers resulted in a stiffer mixture. However, CRMB exhibited a better rutting resistance compared to the PMB mixture.



	
The MSCR results indicate that the addition of modifiers resulted in changing the vehicular loading grading to a higher traffic loading condition. Further, the addition of modifiers resulted in an increase in the stress sensitivity towards the varied axle loading pattern, but this was within the requirements.



	
The ITS results indicate that the addition of modifiers increases the resistance of the moisture-induced damage of HMA mixtures, which is attributable to the higher binder content, which increases the film thickness, making the mixture rut-resistant. Further, the PMB mixtures had increased resistance to moisture-induced damage, while the effect of CRMB mixtures was negligible compared to that of CB mixtures. However, the TSR values of the CB, CRMB, and PMB mixtures fulfilled the minimum TSR requirements.



	
The BBS results indicate that the addition of modifiers increases the bond strength of the asphalt binders. Further, the CRMB and PMB binders had a negligible effect on the bond strength properties.



	
Additionally, the effects of modifier types were found to be statistically significant in relation to the workability, rutting, and moisture-induced damage properties.
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Figure 1. Methodology used in the present study. 
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Figure 2. DSR used in the present study. 
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Figure 3. Bitumen bond strength (BBS) test setup. 
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Figure 4. Viscosity test results. 
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Figure 5. Workability test results: (a) number of gyrations, (b) Compaction Densification Index (CDI) and (c) Traffic Densification Index (TDI) values. 
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Figure 6. Rut test results: (a) rut depth and (b) dynamic stability. 
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Figure 7. Correlation between wheel tracking and the Multiple Stress Creep Recovery (MSCR) test: (a) Rut depth v/s Jnr; (b) Dynamic stability v/s Jnr; (c) Rut depth v/s %R; (d) Dynamic stability v/s %R. 
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Figure 8. Correlation between the ITS and BBS test: (a) ITS dry vs. Pull-Off Tensile Strength (POTS) dry and (b) TSR vs. BSR. 
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Table 1. Properties of the aggregates.






Table 1. Properties of the aggregates.





	Properties
	Requirements
	Results
	Standard





	LA Abrasion Value (%)
	≤30
	22.0
	ASTM C 131



	Aggregate impact Value (%)
	≤24
	21.0
	ASTM C 131



	Water Absorption (%)
	≤2
	0.12
	ASTM C127



	Combined Elongation and Flakiness Indices (%)
	≤10
	29.0
	ASTM D 5821



	Soundness, magnesium sulphate solution (%)
	≤15
	0.2
	ASTM C 88
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Table 2. Selected aggregate gradations.
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	Sieve size (mm)
	25.0
	19.0
	9.5
	4.75
	2.36
	0.300
	0.075



	Percent passing (%)
	100
	90
	69
	45
	25
	13
	5
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Table 3. Properties of the asphalt binders.
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	Property
	CB
	CRMB
	PMB
	Standard





	Penetration at 25 °C, 0.1 (mm)
	65
	35
	42
	ASTM D5



	Softening point (R&B) (°C)
	55
	60
	70
	ASTM D36



	Ductility at 25 °C (cm)
	110
	35
	85
	ASTM D113



	Flash point (°C)
	300
	230
	260
	ASTM D92



	Retained penetration, after short term aging (%)
	54
	32
	28
	ASTM D5



	Ductility test at 25 °C, after short term aging (cm)
	67
	20
	60
	ASTM D113
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Table 4. Experimental design of the various performance parameters.
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Response Property

	
Source of Variance




	
Mixture Type

	
Binder Content

	
Number of Specimens






	
Mix design properties

	
3

	
3

	
3 × 9 = 27




	
Workability

	
Viscosity

	
3

	
1

	
3 × 3 = 9




	
Bahia method

	
3

	
1

	
3 × 3 = 9




	
Locking point method

	
3

	
1

	
3 × 3 = 9




	
Rutting

	
Multiple Stress Creep Recovery Test

	
3

	
1

	
3 × 3 = 9




	
Wheel tracking device

	
3

	
1

	
3 × 3 = 9




	
Moisture-induced damage

	
Modified Lottman test

	
3

	
1

	
3 × 3 = 9




	
Bitumen Bond Strength

	
3

	
1

	
3 × 3 = 9
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Table 5. Results of the mix design properties.
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	Mix
	ACdesign (%)
	VTM (%)
	VMA (%)
	VFA (%)
	Gmb (kg/m3)





	CB
	5.5
	3.9
	14.1
	71.5
	2550



	CRMB
	6.5
	4.1
	17.1
	77.5
	2380



	PMB
	6
	4
	16.5
	75.8
	2410



	Requirement a
	-
	4.0±0.1
	≥13.0
	65-78
	-







a SP-02.
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Table 6. Results of the Multiple Stress Creep Recovery (MSCR) test.
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Binder Type

	

	
Jnr (kPa−1)

	
% R

	
Traffic Level




	
0.1 kPa

	
3.2 kPa

	
% Diff

	
0.1 kPa

	
3.2 kPa






	
CB

	
Value

	
3.65

	
4.35

	
18.96

	
0.74

	
0.24

	
“S”




	
SD

	
0.07

	
0.07

	
0.06

	
0.01

	
0.01




	
CRMB

	
Value

	
0.09

	
0.12

	
44.22

	
59.20

	
48.10

	
“E”




	
SD

	
0.01

	
0.01

	
0.31

	
0.28

	
0.14




	
PMB

	
Value

	
0.82

	
1.18

	
42.43

	
70.50

	
41.25

	
“H”




	
SD

	
0.03

	
0.03

	
0.61

	
0.71

	
0.35








Note: S—Standard; H—High; E—extremely high traffic level; SD—standard deviation.
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Table 7. Results of the BBS and Indirect tensile strength (ITS) tests.
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Mix.

	

	
BBS

	
ITS




	
POTS Dry [MPa]

	
POTS Wet [MPa]

	
BBR

	
ITS Dry [kPa]

	
ITS Wet [kPa]

	
TSR






	
CB

	
Value

	
2.34

	
2.10

	
0.90

	
781.67

	
686.67

	
87.85




	
SD

	
0.02

	
0.02

	
0.00

	
2.89

	
5.77

	
0.64




	
CRMB

	
Value

	
2.50

	
2.32

	
0.93

	
805.00

	
723.33

	
89.86




	
SD

	
0.02

	
0.03

	
0.02

	
5.00

	
2.89

	
0.30




	
PMB

	
Value

	
2.75

	
2.58

	
0.94

	
851.67

	
796.67

	
93.54




	
SD

	
0.01

	
0.01

	
0.01

	
2.89

	
2.89

	
0.02








Note: SD—standard deviation.
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Table 8. ANOVA analysis of the various performance parameters.






Table 8. ANOVA analysis of the various performance parameters.





	
Response Factor

	
F-Value

	
Probability (p < 0.05)






	
Workability properties

	
Viscosity

	
9.54

	
0.014




	
Bahia method

	
CDI

	
8.42

	
0.030




	
TDI

	
14.10

	
0.020




	
Locking point method

	
CDI

	
5.33

	
0.040




	
TDI

	
16.73

	
0.015




	
Rutting properties

	
Multiple Stress Creep Recovery Test

	
%R

	
26.09

	
0.036




	
Jnr

	
90.24

	
0.010




	
Wheel tracking device

	
Rut depth

	
12.11

	
0.005




	
Dynamic Stability

	
16.31

	
0.009




	
Moisture-induced damage properties

	
Modified Lottman test

	
ITSdry

	
5.44

	
0.000




	
ITSwet

	
4.57

	
0.020




	
TSR

	
4.32

	
0.030




	
Bitumen Bond Strength

	
POTSdry

	
148.22

	
0.001




	
POTSwet

	
614.35

	
0.002




	
BSR

	
142.84

	
0.012












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Rut Depth (mm)

2

CRMB

PMB

@)






media/file4.png
I | mm

25 mm






media/file21.jpg
ITS v/s POTS

86000
= 81000 R:=09727

Pal

= 52000

80000

ITS dry 1

78000

76000
20 230 240 250 260 27 280

POTS dry [MPal

@

TSR v/s BSR

94.00
9300
9200
91.00
9000
900
8300
87.00 *
8600
089 0% 091 092 093 0% 0%

BSR

R

TSR [%]

®)






media/file3.jpg





media/file18.jpg
Rut depth v/s %R

i

3 8.
5
Eoas
z
£
Sis
g

05

o

o0 0w 200 00 00 oW 60

%R 3.2kPa
©
Dynamic stability v/s %R

E s
£
B w0
&
3 3m
5
)
£
g 0
£ om0 w00 w00 00w

%R 3.2kPa

@






media/file22.png
ITS dry [kPa]

ITS v/s POTS

860.00
@
840.00 R2 — 09727 ,,,,,

820.00

800.00

780.00 e--®

760.00
2.20 2.30 2.40 2.50 2.60 2.70 2.80

POTS dry [MPa]

(a)

TSR [%]

TSR v/s BSR

94.00
93.00
9200
91.00 e R2=0.8931
90.00
89.00
88.00 | JCO
87.00 o
86.00

0.89 0.90 0.91 0.92 0.93 0.94 0.95






media/file14.jpg
Dynamic Stability (mm/min)

5000
4500
1000
3500
3000
2500
2000
1500
1000
500
0

3055

CB

l

CRMB

*‘»

PMB

(b)






media/file7.jpg
9000
8000
7000
6000
5000

ty (mPa.s)

4000

iscosil

3000

Vi

2000
1000

0
110

120

130

140 150

Temperature

160,
0

180

75

0

——CB
—=—PMB

—e—CRMB

19






media/file15.png
2
i

CB

(wrw) y

(q\l —

1idag 1y

PMB

CRMB






media/file19.png
Rut depth v/s ],

@
.

s R2=0.8116

N> ¢
N W b

Rut depth (mm)
o —
o U1 = W

0.00 1.00 2.00 3.00 4.00 5.00
J.. 3.2 kPa

(a)

Dynamic stability v/s J,,
4500
4000 '@
3500
3000
2500
2000 R2=0.9912
1500
1000
500

Dynamic stability (mm/min)

0.00 1.00 2.00 3.00 4.00 5.00
J.. 3.2 kPa

(b)






media/file6.png
f_—t—’Pullout stub

Pressure plate @q———— '

I-—’Pressure ring

=——» Ring support

Pullout stub

Asphalt binder
Substrate






nav.xhtml


  applsci-10-07145


  
    		
      applsci-10-07145
    


  




  





media/file11.png
90
80
70
60
50
40
30
20

Number of gyrations

CB

CRMB

M Bahia O Locking point

PMB

(a)

900
800
700
600
500

DI

© 400
300
200
100

CB

CRMB

M Bahia O Locking point

(b)






media/file16.png
4018
3698
i

5000

o O o 9 9 9 9 9 9 O
o o O 9o O 9 o 9 O

<A (9] (9] (q\l (q\| —
(urur/wrun) A3rprqe)s drureud(q

PMB

CRMB

CB

(b)





media/file2.png
Binder (esting

< CR(20%) Unegpi

=] -
Short-term aging

[ P | = =

: ¥ 5.5%, (%, 6.5% ¥ 5.5%, 6%, 6.5% !
Mix design properties i Short-term agi
» H I PMB nuxtures I | CRMB muxtiures | 8i0g
: Y Moistureinduced damage | =

)

:

l Moisture-induced damage

| Modified Lottman test i

Mixture testing






media/file20.png
Rut depth (mm)

Rut depth v/s %R

R2=0.7281 3

10.00 20.00 30.00 40.00 50.00 60.00
%R 3.2 kPa

(©)

Dynamic stability (mm/min)

Dynamic stability v/s %R

R2=0.9598

0.00 10.00 20.00 30.00 40.00 50.00 60.00

%R 3.2 kPa

(d)






media/file10.jpg
TDI

1000
900
800
700
600
500
400
300
200
100
0

83

748
639
127
353
2
CB CRMB PMB

WBahia OLocking point

(c)






media/file5.jpg
Pullowt st
Presureplie

Prevars ring
Pullot b, 5
Asphalt binder SoEheres





media/file1.jpg





media/file12.png
TDI

1000
900
800
700
600
500
400
300
200
100

228

CB

823

CRMB

B Bahia 0OLocking point

PMB

(c)






media/file9.jpg
0
@
w0
»
»

Number of gyrations

2

@

mBahia

crvB

OLocking point

B

@

0

0

0

o1

™
Y
m

1w

|

OLocking point

299

e

®






media/file0.png





media/file8.png
9000

8000

7000

6000

—a— CB

—=—PMB

3000 —e— CRMB

Viscosity (mPa.s)

2000

1000

110 120 130 140 150

160 170 180 190
Temperature (°C)






media/file17.jpg
Rut depth v/s J,,

.
e
i we-osits
£
£
R
L
;
Ja3:2kPa
o

Dynamic stability v/s J,,,

4500
1000
350
3000

-

500
2000 Ri=09912
1500
1000
500
0
000 10 200 30 a0 500

), 32kPa

®)






