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Abstract

:

Reclaimed asphalt pavement (RAP) has been utilized as a potential partial substitute for virgin asphalt binder in asphalt mixtures. However, a primary concern with increasing RAP content in asphalt mixtures is the cracking potential, attributed to the aged RAP asphalt binder (RAP-binder). To address this, the use of petroleum-based and bio-derived recycling agents (RAs) in enhancing the cracking resistance of high-RAP asphalt mixtures has been explored. The objective of this study is to ascertain the effectiveness of six RAs in mitigating cracking in high-RAP asphalt mixtures. The RAs considered include petroleum-crude-oil-derived aromatic oil, soy oil, and four types of tall-oil-derived phytosterol (industrial by-product, intermediate, purified, and fatty acid-based). The RAs’ dosages were optimized, based on RAP-binder and unmodified asphalt binder properties, to produce target PG 70-22 asphalt binder when incorporated in asphalt mixtures containing 30% RAP. To assess the engineering performance of these 30%-RAP asphalt mixtures for each RA, a conventional asphalt mixture incorporating styrene-butadiene-styrene (SBS)-modified PG 70-22 asphalt binder without RAP or RAs was benchmarked for comparison. Mechanical tests performed included Hamburg wheel-track testing (HWTT), intermediate-temperature fracture tests (semi-circular bend, Illinois flexibility index, and IDEAL cracking tolerance), and thermal stress-restrained specimen tensile strength test to evaluate permanent deformation, intermediate-temperature cracking resistance, and low-temperature cracking resistance, respectively. Results showed that petroleum-crude-oil-derived aromatic oil and tall-oil-derived fatty-acid-based oil RAs were able to rejuvenate RAP-binder as measured by the cracking tests performed. Further, the use of these RAs did not adversely impact the asphalt mixtures’ permanent deformation performance.
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1. Introduction


Asphalt mixture, a key material in flexible pavement construction, is facing increased costs, prompting pavement agencies to explore cost-effective alternatives without sacrificing performance [1,2,3]. A sustainable approach to this challenge is the utilization of reclaimed asphalt pavement (RAP) as a replacement part of the virgin materials which not only reduces material costs but also conserves natural resources, thus benefiting the environment. RAP materials have been utilized with virgin aggregates and asphalt binders in Louisiana and across the country for decades [4,5]; yet, there are many concerns related to the cracking performance when a high RAP level is used in asphalt mixtures. High RAP content was defined as 25% to 50% or higher according to the National Cooperative Highway Research Program (NCHRP) report 752 [6]. This is due to the aged RAP asphalt binder (RAP-binder) that is unable to be utilized as a straight replacement for virgin asphalt binder since it ages during service life resulting in alterations in its chemical properties [1,2,3]. Consequently, RAP-binders frequently include molecules with extremely large molecular weights that raise issues with durability and cracking [7]. Therefore, increased RAP contents in asphalt mixtures could have a negative impact on the cracking performance of asphalt pavements, which would ultimately drive up the cost of pavement maintenance and repairs [4].



In response, state agencies and Departments of Transportation (DOTs) have been exploring the use of recycling agents (RAs) that can rejuvenate high-RAP contents in asphalt mixtures without compromising pavement performance [8]. RAs can be categorized as softening or rejuvenating agents. Rejuvenating agents, primarily organic oils, are rich in maltenes that disperse the aged asphaltenes and rejuvenate the asphalt binder’s chemical and physical characteristics [9]. Softening agents, in contrast, primarily decrease the aged asphalt binder viscosity to yield suitable workability for mixing high RAP in asphalt mixtures; their role is predominantly focused on altering the physical characteristics of the RAP-binder [9]. Table 1 compiles a range of RAs from existing literature, detailing their results and impacts.



Results reported in the literature show discrepancies relative to the effectiveness of recycling agents on cracking performance, (Table 1). Specifically, the LaDOTD study reported that the addition of RAs resulted in reduction in cracking resistance as compared to similar asphalt mixtures with no RAs [9]. This study assessed the effectiveness of new RAs in improving mechanical properties, including cracking resistance, of asphalt mixture containing 30% RAP within the Louisiana balanced asphalt mixture design (BMD) framework [15]. Louisiana balanced mixture design (BMD) framework specifies a maximum Loaded Wheel tester (LWT) rut depth of 6.0 mm and a minimum semi-circular bend (SCB) Jc value of 0.6 Kj/m2 as a criterion for resisting permanent deformation and intermediate-temperature cracking, respectively [15].




2. Objectives and Scope


The objective of this study was to ascertain the effectiveness of RAs in mitigating cracking in asphalt mixtures containing 30% RAP content. Six types of RAs were considered, namely petroleum-crude-oil-derived aromatic oil, soy oil, and four types of tall-oil-derived phytosterol (industrial by-product, intermediate, purified, and fatty-acid-based). The six RAs were incorporated into asphalt mixtures containing 30%-RAP material (by total mixture weight). The RAs’ dosages were optimized, based on RAP-binder and virgin unmodified asphalt binder properties, to produce a target PG 70-22 asphalt binder when incorporated in asphalt mixtures containing 30% RAP. For reference and comparison, a control mixture was prepared that contained styrene-butadiene-styrene (SBS)-polymer-modified asphalt binders PG 70-22 without RAP or RAs (hereafter referred to as ‘Mix 70’). The target asphalt binder selected for this study is PG 70-22 as it meets Louisiana’s specification [15] for Level 2 design traffic volume (greater than 3 million ESALs). Mechanical tests performed included Hamburg wheel-track testing (HWTT), intermediate-temperature fracture tests (semi-circular bend ‘SCB-Jc’, Illinois flexibility index test ‘I-FIT’, IDEAL cracking tolerance ‘IDEAL-CT’), and TSRST test to evaluate permanent deformation, intermediate-temperature cracking resistance, and low-temperature cracking resistance, respectively. A flowchart of the research methodology followed is shown in Figure 1.




3. Materials


Table 2 presents the types, dosages, and classification of RAs used in this study. The six RAs evaluated include petroleum-crude-oil-derived aromatic oil, soy oil, and tall-oil-derived phytosterol (industrial by-product, intermediate, purified, and fatty-acid-based), Figure 2. Virgin unmodified asphalt binder PG 67-22 was used as a carrier for the RAs to be mixed with 30% RAP (RBR = 0.28) and virgin aggregates to produce asphalt mixtures with a target PG 70-22 asphalt binder. RBR is defined as the recycled binder ratio to the total asphalt binder in an asphalt mixture. It is noted that the dosage for each RA type was optimized based on RAP-binder, virgin unmodified asphalt binder properties, and RBR of 0.28 to produce target asphalt binders PG 70-22. In other words, the ultimate blend of unmodified asphalt binder PG 67-22, RA, and RAP-binder is expected to have a PG 70-22 asphalt binder if RBR is 0.28. Based on preliminary rheological testing, RA 2 (soy oil) was selected because of its ability to decrease asphalt binder stiffness [16,17,18]. Therefore, it was considered to quantify its effectiveness on improving cracking performance of asphalt mixtures containing 30% RAP. A control asphalt mixture containing SBS-modified asphalt binder PG 70-22 meeting Louisiana specifications [15] was included in this study as a conventional one for benchmarking.



RAP-binder was extracted following AASHTO T 164 standard [19] using trichloroethylene (TCE) solvent type. Figure 3a presents the Auto Centrifuge Extractor used for extracting asphalt binder. Following this extraction, removal of fillers and fines was performed using the Allegra X-14R centrifuge machine at 770 rotations per minute for 30 min, Figure 3b. An auto-evaporator was then utilized to condense most of the TCE out, Figure 3c. Abson distillation process was then followed for more separation of TCE from the extracted asphalt binder, then removal of the remaining TCE traces was conducted by introducing a carbon dioxide gas. The Abson method was conducted as stipulated by AASHTO R 59 standard [20]. Figure 3d shows the setup and the Abson Method. After extracting and recovering the RAP-binder, it was rheologically graded to be PG 100-16.



An asphlat binder blending tool was developed and used for predicting target asphalt binder performance grade based on equations introduced in NCHRP Report 452 [21]. The developed procedure followed in this study aimed to locate the critical temperatures at which an asphalt binder is expected to exhibit certain distresses according to AASHTO M320 standard [22]. Knowing the critical temperatures for the RAP-binder and target asphalt binder along with predetermined RBR, the modified asphalt binder rheological properties were interpolated and determined. The following subsections explain the procedure in detail.



At high-temperature grading, Equation (1) was derived based on meeting AASHTO M 320 standard [22] criteria, a minimum rutting factor (G*/sin (δ)) of 1.00 KPa and 2.20 KPa for original and short-term aged conditions, respectively (Equations (1) and (2)).



At high-temperature grading:


       G   *       sin  ⁡    δ       ≥ 1.0   K P a     →     T   c     h i g h   =       log  ⁡    1.00     −   log  ⁡      G   1         a     +   T   1     



(1)






       G   *       sin  ⁡    δ       ≥ 2.20   K P a     →     T   c     h i g h   =       log  ⁡    2.20     −   log  ⁡      G   1         a     +   T   1     



(2)




where:




	
G* = complex shear modulus;



	
δ = phase angle;



	
Tc (high) = high-critical temperature;



	
G1 = value of G*/sin (δ) at temperature T1;



	
T1 = recommended to be the closest temperature to the criteria;



	
a = slope of stiffness-temperature curve = Δ log (G*/sin (δ))/ΔT.








At intermediate temperature, Equation (3) was derived based on meeting AASHTO M 320 criteria, a maximum cracking factor (G*. Sin (δ)) of 5000 KPa for long-term aged condition.


     G   *   .   sin  ⁡    δ     ≤ 5000   K P a     →     T   c     I n t e r m e d i a t e   =       log  ⁡    5000     −   log  ⁡      G   1         a     +   T   1     



(3)




where:




	
Tc (Intermediate) = intermediate-critical temperature;



	
G1 = value of G*. Sin (δ) at temperature T1;



	
a = slope of stiffness-temperature curve = Δ log (G*. Sin (δ))/ΔT.








At low-temperature grading, asphalt binder was short- and long-term aged using RTFO and PAV and graded using the bending beam rheometer (BBR) test following AASHTO T 313 standard [23]. The BBR test is used to determine the asphalt binder’s creep stiffness (S) with time, Equation (4), and relaxation (m-value), Equation (5).


    T   c     S   =       log  ⁡    300     −   log  ⁡      S   1           a   S       +   T   1    



(4)






    T   c     m   =     0.300 −   m   1       a   m       +   T   1    



(5)




where:




	
Tc (S) = critical low-temperature obtained at stiffness;



	
Tc (m) = critical low-temperature obtained from m-value;



	
S1 = the S-value at temperature T1;



	
m1 = the m-value at temperature T1;



	
T1 = recommended to be the closest temperature to the criteria;



	
aS = slope of stiffness-temperature curve = Δ log (S)/ΔT;



	
am = slope of m-value-temperature curve = Δm-value/ΔT.








Equations (6)–(9) were developed to compute the high-, intermediate-, and low-temperature gradings, respectively for the target asphalt binder,


      log  ⁡        G   *       sin  ⁡    δ             T a r g e t   B i n d e r   = R B R ∗     log  ⁡        G   *       sin  ⁡    δ             R A P − b i n d e r   +   1 − R B R   ∗     log  ⁡        G   *       sin  ⁡    δ             M o d i f i e d   B i n d e r    



(6)






      log  ⁡      G   *   . S i n δ       T a r g e t   B i n d e r   = R B R ∗     log  ⁡      G   *   . S i n δ       R A P − b i n d e r   +   1 − R B R   ∗     log  ⁡      G   *   . S i n δ       M o d i f i e d   B i n d e r    



(7)






      log  ⁡    S       T a r g e t   B i n d e r   = R B R ∗     log  ⁡    S       R A P − b i n d e r   +   1 − R B R   ∗     log  ⁡    S       M o d i f i e d   B i n d e r    



(8)






    m - v a l u e   T a r g e t   B i n d e r   = R B R ∗   m - v a l u e   R A P − b i n d e r   +   1 − R B R   ∗   m - v a l u e   M o d i f i e d   B i n d e r    



(9)







These calculations were included in a blending tool developed to ascertain the performance grade of the virgin binder mixed with RA. The dosages of an RA were selected to yield a PG 58-28 asphalt binder when blended with the unmodified PG 67-22 asphalt binder. The asphalt binder PG 58-28 was then blended with the RAP-binder (RBR = 0.28) to yield a target asphalt binder of PG 70-22. All asphalt mixtures had a similar target asphalt binder by optimizing the RAs’ dosages, Figure 4.




4. Mixture Design


Seven Louisiana Level 2 (traffic volume greater than 3 million ESALs) asphalt mixtures with a nominal maximum aggregate size (NMAS) of 12.5 mm were designed and evaluated according to AASHTO R 35 standard [24], and LaDOTD specifications—Section 502 [15]. The aggregate’s types were #78 limestone, #11 limestone, and coarse sand (CS). It is noted that all mixtures were prepared to have similar volumetrics within the LaDOTD specifications’ tolerances [15].



Table 3 and Figure 5 present the job mix formula and aggregates’ gradations curves for the studied asphalt mixtures. It is worth noting that the mixtures evaluated are fine-sided, dense-graded, and have the same gradation. The design asphalt mixture binder and RAP-binder contents were 5.3% and 4.9%, respectively.



It is noted that RAs were first blended into virgin PG 67-22 unmodified asphalt binders at 165 °C using paddle agitation to obtain a PG 58-28 modified asphalt binder. However, the following steps were followed in the preparation of 30%-RAP asphalt mixtures to increase RAP-binder contribution [25]:




	
After preparing the RAP materials in a separate pan, 5% water by weight to the RAP materials was added to the RAP pan and stirred for five minutes to ensure water was not collected at the bottom of the pan. Then, the pan was covered with aluminum paper and soaked overnight.



	
The modified PG 58-28 asphalt binder was heated at the mixing temperature of 325 °F (163 °C) along with the mixing bucket and tools. Virgin aggregates were heated at 383 °F (195 °C) for 3 h.



	
First, wet RAP materials were placed in the heated mixing bucket at room temperature. Then, superheated virgin aggregates were added on top of the wet RAP materials. Subsequently, mechanical mixing was initiated and continued until there was no steam and the dark color of the RAP materials disappeared. At this point, the virgin aggregates and RAP materials were homogeneous, with no observed separation between them.



	
The mixing bucket containing the aggregates and RAP was placed in an oven until a mixing temperature of 325 °F (163 °C) was reached. The modified PG 58-28 asphalt binder was added to the mixing bucket containing the aggregates mixed with RAP materials and mixed thoroughly for four minutes.



	
After the mixing process, short- and long-term aging procedures were followed as per the AASHTO R 30 standard [26]. Cylindrical specimens of the asphalt mixtures were then compacted to the specified specimen dimensions of mechanical tests considered, using a Superpave gyratory compactor (SGC)









5. Testing Methods


Table 4 shows the laboratory mechanical tests performed on the studied asphalt mixtures. All specimens were compacted to an air void level of 7% ± 0.5% and subjected to short- and long-term oven aging at 85 °C for 120 h following AASHTO R 30 standard, except for the HWTT specimens which were subjected to short-term aging only.




6. Laboratory Test Results and Discussion


A statistical analysis was performed on the laboratory test results using the analysis of variance (ANOVA) method, at a confidence level of 95, utilizing Statistical Analysis System (SAS) software version 9.4, SAS Institute, Inc. at Cary, NC, USA [32]. The statistical grouping are presented using the letters A, B, C, D, and so on. The highest mean was given to the letter A, and then the subsequent letters were in the proper sequence. If a designation has two letters, like A/B, it suggests that there is a slight difference between groups A and B as the mean is close to both and the mean difference is not noticeable.




7. Permanent Deformation


The HWTT rut depths at 20,000 passes for the assessed asphalt mixtures are shown in Figure 6. The HWTT test was carried out in compliance with the AASHTO T 324 standard [27]. The rut depth’s coefficient of variation (CoV) ranged from 7% to 22%, with an average of 12.9% overall. Louisiana DOTD (LaDOTD) specifies a maximum rut depth of 6.0 mm at 20,000 passes [15]. All mixtures evaluated did meet the maximum LWT rut depth requirement, Figure 6. However, the control mixture Mix 70 showed statistically higher rut depth as compared to other RAP mixtures evaluated. Further, Mix 4, containing RA 4, exhibited statistically better rutting resistance when compared to other RAP mixtures. These findings indicate that the addition of RAP materials could stiffen asphalt mixtures, even though a soft asphalt binder (PG 67-22) and RAs were used. It also implied that the use of RAs did not negatively impact the permanent deformation resistance. The studied asphalt mixtures exhibited a stripping inflection point of 20,000 passes, indicating that those mixtures were moisture-damage-resistant.




8. Cracking and Fracture Resistance


The critical strain energy release rate (Jc) values for the studied asphalt mixtures obtained from the SCB Jc test are shown in Figure 7. The SCB was carried out in compliance with ASTM D8044 standard [28]. The averaged CoV for the strain energy (per-unit thickness) varied from 4% to 14%, with an overall average of 11%. For an asphalt mixture to withstand cracking at moderate temperatures, a greater SCB Jc value is required. The LaDOTD specifies a “GO/NO-GO” minimum SCB Jc of 0.6 KJ/m2 for Level 2 mixtures [15]. Level 2 mixtures are designed for traffic volumes greater than 3 million ESALs [15]. Mix 1 and Mix 6 showed statistically similar SCB Jc values to Mix 70’s and met the threshold of LaDOTD Level 2 mixture design, Figure 7. Mixes 2 to 5 showed statistically lower SCB Jc values than Mix 70’s and failed to meet the threshold of LaDOTD Level 2 mixture design. This implied that only asphalt mixtures containing 30% RAP content (RBR of 0.28) and RAs 1 and 6 complied with the LaDOTD specifications in terms of cracking resistance. It is worth noting that Mix 4 and Mix 5 had lower effective asphalt binder content after aging than the remaining RAP mixtures, Table 3.



The flexibility index (FI) findings from the Illinois flexibility index (I-Fit) test are shown in Figure 8. I-FIT was carried out in compliance with AASHTO T 393 standard [30]. The Illinois Center for Transportation’s modeling MATLAB software (IFIT_2017_v1.1) was used to conduct the analysis [33]. The FI’s CoV ranged from 4.2% to 23.3%, with an average of 14.2% overall. The better a mixture’s cracking resistance, the higher its FI value [34]. The Illinois DOT specifies a minimum FI value of 4.0 for hot mix asphalts [35]. RA1, RA2, and RA6 in the asphalt mixtures 1, 2, and 6 possessed similar FI values as compared to the control mixture Mix 70 and met the Illinois DOT minimum FI value of 4.0, [35]. Mix 3, Mix 4, and Mix 5 failed to comply with the specified threshold. It is noted that Mix 4 had the lowest FI value amongst the studied asphalt mixtures containing 30% RAP and RAs.



Figure 9 presents the IDEAL cracking tolerance (IDEAL-CT) test results (CTindex) obtained for the studied asphalt mixtures. IDEAL-CT was conducted according to ASTM D8225 standard [29]. The CoV of CTindex values ranged from 4% to 21%, with an overall average of 14%. The NCHRP project 20-44/16 recommends a minimum CTindex value of 90 for hot mix asphalts (HMAs) [36]. The control mixture 70 showed a statistically significant higher CTindex value than the asphalt mixtures containing 30% RAP content and RAs, Figure 9. Mixes 1, 2, 3, and 6 complied with the recommendations of CTindex value, Figure 9. This observation could be attributed to the high loading rate (50 mm/min), which affected the slope of the post-peak region, resulting in a significant effect on the CTindex value. Mix 5 marginally met the CTindex value requirement of a minimum of 90. Mix 4 had the lowest CTindex value among the studied asphalt mixtures containing 30% RAP and RAs, similar to I-FIT test results, which align with the low effective asphalt binder content, Table 3.



Table 5 presents the statistical analysis ranking of the evaluated asphalt mixtures for each cracking test. It is noted that mixtures with the same ranking in a specific column (representing a cracking test) are considered statistically similar. As depicted in Table 5, the control mixture Mix 70 demonstrated the highest ranking among all the asphalt mixtures studied for each cracking test, closely followed by Mix 1 and Mix 6. This observation suggests that amongst the asphalt mixtures containing 30% RAP content and RAs, those with RA1 and RA6 exhibited the best cracking resistance. Conversely, Mix 4 consistently ranked as the least cracking-resistant mixture across all three cracking tests, as illustrated in Table 5, which could be attributed to the lower effective asphalt binder content in Mix 4 than the remaining mixtures, Table 3. Thus, RA 4 was not an effective RA (Table 2). These findings are aligned with research reported elsewhere for RA1 [37], RA2 [38], and RA 6 [39].




9. Louisiana DOTD Balance Mixture Design


Figure 10 explains the LaDOTD balanced mixture design (BMD) framework. In LaDOTD, every produced asphalt mixture is subjected to stress tests to balance between cracking (minimum SCB Jc value of 0.6 Kj/m2 for level 2 mixture design) and rutting (maximum HWTT rut depth of 6.0 mm for level 2 mixture design) [15]. The horizontal dashed line represents the minimum SCB Jc cracking threshold, however, the vertical one shows the maximum HWTT rut-depth threshold. The framework is divided into four quarters; the top-left one contains asphalt mixtures that complies with both HWTT rutting and SCB Jc cracking criteria. The quarters located top-right and bottom-left contain unbalanced asphalt mixtures where rutting and cracking performances are susceptible, respectively. Accordingly, the bottom-right quarter’s mixtures failed to meet both HWTT rutting and SCB Jc cracking criteria. As expected, the control mixture Mix 70 met Louisiana’s BMD criteria for Level 2. However, among the 30% RAP asphalt mixtures, Mix 1 and Mix 6 met the LaDOTD BMD; as such, RA 1 (petroleum crude oil-derived aromatic oil), and RA 6 (tall oil-derived fatty acid-based oil) were able to restore RAP-aged binder as measured by the SCB cracking tests performed, and are recommended to be used in LaDOTD when 30% RAP is incorporated in asphalt mixtures.




10. Low-Temperature Cracking Resistance


Figure 11 presents the critical low-temperature values computed from the thermal stress-restrained specimen tensile strength (TSRST) test. The AASHTO TP 10 standard [31] was followed when conducting the TSRST test. The CoV of critical low-temperature values ranged from 4.7% to 19.0%, with an overall average of 14.0%. The control mixture Mix 70 had the lowest critical low-temperature value among the evaluated asphalt mixtures, Figure 11. Mix 70 showed a critical low-temperature value as low as −23 °C, which complied with the low-temperature PG of asphalt binder used in this mixture (PG 70-22). However, the asphalt mixtures containing 30%-RAP and RAs showed slightly warmer critical low-temperature cracking values than −22 °C, even though their asphalt binders (blends of virgin unmodified asphalt binder, RAP-binder, and RA) had a low-temperature PG of −22 as marked by the red dashed line, Figure 11. All asphalt mixtures containing 30% RAP and RAs were considered to have statistically similar critical low-temperature values except for Mix 5, which showed a warmer value of −17.8 °C




11. Summary and Conclusions


This study investigated the effectiveness of six recycling agents (RAs) in mitigating cracking in asphalt mixtures containing 30% RAP. The RAs considered included petroleum-crude-oil-derived aromatic oil, soy oil, and four categories of tall-oil-derived phytosterol (encompassing industrial byproduct, intermediate, purified, and fatty-acid-based types). Asphalt mixtures containing 30% RAP (RBR of 0.28) and RAs were evaluated and compared to the control asphalt mixture which contains SBS-polymer-modified asphalt binder PG 70-22, without RAP and RA. The RAs’ dosages were optimized using a developed tool to yield a target PG 70-22 asphalt binder when added to 30% RAP. Mechanical tests performed included Hamburg wheel-track testing, intermediate-temperature fracture tests (semi-circular bend, Illinois flexibility index, IDEAL cracking tolerance), and thermal stress-restrained specimen tensile strength test to evaluate permanent deformation, intermediate-temperature cracking resistance, and low-temperature cracking resistance, respectively. Based on results presented, several key conclusions delineating the effectiveness of the various RAs in the performance of 30%-RAP asphalt mixtures were drawn:




	
The mixtures evaluated complied with the LaDOTD maximum HWTT rut depth requirement of 6.0 mm at 20,000 passes. The use of RAs did not negatively impact permanent deformation.



	
Mixtures containing 30% RAP and RAs exhibited, as expected, lower rut depth than the control mixture due to the aged RAP-binder.



	
Amongst RAs evaluated, RA1 (petroleum-crude-oil-derived aromatic oil) and RA6 (tall-oil-derived fatty-acid-based oil) were effective in mitigating cracking in asphalt mixtures containing 30% RAP as measured by the considered cracking tests.



	
Asphalt mixtures containing 30% RAP and RAs showed slightly warmer critical low-temperature cracking values than −22 °C. All asphalt mixtures containing 30% RAP and RAs were considered to have statistically similar critical low-temperature values except for Mix 5, which showed a slightly warmer value.



	
The RAs in 30%-RAP asphalt mixtures were optimized to have the same final target asphalt binder (PG 70-22); however, the results showed those RAs did not exhibit similar asphalt mixtures performances.








This study expanded the fundamental knowledge relative to the effectiveness of the new generation of recycling agents on improving cracking performance of asphalt mixtures containing 30% RAP. Future research recommendations include investigating additional recycling agents and conducting chemical and microstructure analyses to clarify the mechanism of RAs’ effectiveness. Functionality and skid resistance for these 30% RAP mixtures with this new generation of RAs are also recommended to be investigated.
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Figure 1. Research methodology. 
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Figure 2. The six recycling agents utilized in this study. 
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Figure 3. Extracting and recovering asphalt binder; (a) Auto-centrifuge extractor, (b) Allegra X-14R centrifuge machine, (c) Auto-evaporator and condenser, and (d) Asphalt binder recovery setup by Abson method. 
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Figure 4. The target asphalt binder performance grade for the studied mixtures. Note: PG: Asphalt binder Performance Grading; HTG: high-temperature grading; LTG: low-temperature grading; IT: intermediate-temperature; ∆Tc: difference in critical low-temperatures between stiffness and m-value. 
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Figure 5. Aggregates gradation. 
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Figure 6. HWTT rutting depths. 
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Figure 7. SCB Test Results—Critical Stain Energy Release Rate, Jc. 
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Figure 8. I-FIT Test Results—Flexible Index. 
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Figure 9. IDEAL CT Test Results—CT index. 
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Figure 10. Louisiana’s balanced mix design framework. 
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Figure 11. TSRST results—low-temperature cracking. 
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Table 1. Summary of recycling agents’ effectiveness on RAP asphalt binder.
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RA Type and Components

	
Tests Performed

	
Findings






	
Resin extracted from cashew nut shells

Vegetable oil, naphthenic oils

	
softening point, penetration, DSR, FTIR

	
RAs were effective in decreasing RAP asphalt binder grading [10]. RAs expedited the aging process when they added to virgin asphalt binder [10]




	
Aromatic extract (petroleum refined) Polar

Waste vegetable oil (bio-based) non-polar

	
DSR, BBR, AFM, SARA

	
RAs were effective in decreasing RAP asphalt binder grading [11].




	
Hydrogen

Road Science rejuvenator

Arizona Chemical

	
HWTT, OT

	
Enhanced cracking resistance

Concerns with rutting resistance [12].




	
Waste Vegetable Grease

Organic Oil

Aromatic Extract

	
DSR, BBR, RV, RTFO, HWTT, IDT, CAST

	
All enhanced rutting, moisture, and fatigue cracking resistance. Only the Aromatic one enhanced low-temperature cracking resistance [8].




	
Waste Vegetable Oil

	
Enhanced fatigue, and rutting performance [8].

Concerns with moisture susceptibility.




	
Distilled Tall Oil

	
Enhanced fatigue, and rutting performance; Concerns with low-temperature cracking performance [8].




	
Waste Engine Oil

	
Enhanced permanent deformation resistance and reduced cracking performance [8].




	
BituTech

SonneWarmix RJT

SonneWarmix RJ

	
DSR, BBR, LAS, MSCR, OT, TSRST

	
Enhancing intermediate- and low-temperature cracking resistance, especially BituTech [13]. Concerns were related to rutting and moisture susceptibility [13].




	
Iron Chloride

	
DSR, HWTT, SCB, I-FIT, IDEAL-CT, S-VECD, IDT

	
Enhancing intermediate- and low-temperature cracking resistance without compromising rutting resistance [14].




	
Hydrogen, Cyclogen-L

Asphalt Flux, Soft binder PG58-28

	
DSR, BBR, LAS, MSCR, HWTT, SCB, TSRST

	
Additives showed negative effects on the asphalt mixture performance and failed to improve mixture cracking resistance [11]








Notes: DSR: dynamic shear rheometer test; FTIR: Fourier transform infrared spectroscopy; IDT; indirect tensile creep compliance and strength tests; BBR: bending beam rheometer; AFM: atomic force microscopy analysis; SARA: saturates, asphaltenes, resins, and aromatics analysis; IDT: Superpave indirect tension; APA: asphalt pavement analyzer; HWTT: Hamburg wheel-track testing; SCB: semi-circular bending; TSR: tensile strength ratio; OT: overlay tester; CAST: coaxial shear test; LAS: linear amplitude sweep test, I-FIT: Illinois flexibility index test; S-VECD: simplified viscoelastic continuum damage test.













 





Table 2. Recycling agents used in this study.
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RA Number

	
RA Materials

	
Dosage Rate, %

	
RAs Classification






	
RA 1

	
Petroleum crude oil derived aromatic oil using maltene blend

	
12.0

	
Petroleum-based oil




	
RA 2

	
Modified soy-based oil

	
4.0

	
Bio-derived oils




	
RA 3

	
Blend of RA 2 + tall oil-derived phytosterol containing industrial by-product

	
RA 2 = 2.5;

Tall oil = 10




	
RA 4

	
Blend of RA 2 + tall oil-derived phytosterol intermediate

	
RA 2 = 4.0;

Tall oil = 7.5




	
RA 5

	
Blend of RA 2 + purified phytosterol

	
RA 2 = 3.0;

Tall oil = 5.0




	
RA 6

	
Tall oil-derived fatty acid-based oil

	
4.0








Note: RA: Recycling Agent.













 





Table 3. Asphalt mixtures job mix formulas.
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Mix 70

	
Mix 1

	
Mix 2

	
Mix 3

	
Mix 4

	
Mix 5

	
Mix 6

	
LaDOTD Specs [15]






	
Virgin Asphalt Binder

	
PG 70-22

	
PG 67-22

	




	
Aggregate Blend, %

	
LS#78

	
60.0

	
45.3

	




	
LS#11

	
32.0

	
20.6

	




	
CS

	
8.0

	
4.1

	




	
RAP Content, %

	
0.0

	
30.0

	




	
RBR

	
0.0

	
0.28

	




	
Total Asphalt binder, %

	
5.3

	
5.3

	




	
Asphalt binder from RAP, %

	
0.0

	
1.5

	




	
Number of Gyrations in SGC

	
Ni

	
7

	
7

	
7




	
Nd

	
65

	
65

	
65




	
Nf

	
105

	
105

	
105




	
Gse

	
2.644

	
2.635

	
Na




	
Gmm

	
2.453

	
2.460

	
2.461

	
2.461

	
2.463

	
2.465

	
2.459

	
Na




	
Design volumetric properties

	
%Gmm, Ni

	
86.1

	
87.1

	
87.1

	
87.1

	
87.0

	
87.0

	
87.2

	
<89




	
%Gmm, Nf

	
98.0

	
97.8

	
97.7

	
97.7

	
97.7

	
97.6

	
97.8

	
<98




	
AV, %

	
3.9

	
4.0

	
4.0

	
4.0

	
4.1

	
4.1

	
3.9

	
2.5–4.5




	
VMA, %

	
15.5

	
15.1

	
15.1

	
15.1

	
15.1

	
15.1

	
15.1

	
≥13.5




	
VFA, %

	
75.1

	
73.8

	
73.5

	
73.5

	
73.0

	
72.5

	
74.0

	
69–80




	
Effective Asphalt Binder, %

	
4.70

	
4.83

	
4.82

	
4.81

	
4.86

	
4.69

	
4.85

	
±0.2




	
Effective Asphalt Binder after aging, %

	
4.65

	
4.79

	
4.69

	
4.69

	
4.65

	
4.61

	
4.81

	




	
D:B

	
0.8

	
1.1

	
1.1

	
1.1

	
1.1

	
1.1

	
1.1

	
0.6–1.6








Note: LS: Limestone; CS: Coarse sand; RBR: Recycled binder ratio; Gmm: Maximum Specific Gravity; Ni, Nd, Nf: Initial, design, and final number of gyrations; Gse: Aggregates specific gravity; SGC: Superpave gyratory Compactor; AV; Air voids; VFA: Voids filled with asphalt; AC: Asphalt Content; D: B Ratio of dust to effective asphalt binder; VMA: Volume of mineral aggregates; Na: “not applicable”; specs: specifications.













 





Table 4. List of mechanical tests conducted on asphalt mixtures.






Table 4. List of mechanical tests conducted on asphalt mixtures.





	
Test Designation

	
Testing Temperatures (°C)

	
No. of Replicates/Sample Size, mm: Dia. (D), Height (H), Thick (T), Width (W)

	
Engineering Properties

	
Protocols/Standards






	
HWTT

	
50

	
4/D150 × H60

	
High-Temperature

Rutting resistance

	
AASHTO T 324 [27]




	
SCB

	
25

	
4/D150 × H57

	
Intermediate-Temperature

Cracking resistance

	
ASTM D8044 [28]




	
IDEAL-CT

	
25

	
3/D150 × H62

	
ASTM D8225 [29]




	
I-FIT

	
25

	
2/D150 × H50

	
AASHTO T 393 [30]




	
TSRST

	
5 and −10/h

	
3/T50 × W50 × H250

	
Low-Temperature

Cracking resistance

	
AASHTTO TP 10 [31]








Note: HWTT: Hamburg wheel-track testing; SCB: Louisiana semi-circular bending test; IDEAL-CT: Ideal cracking tolerance test; I-FIT: Illinois flexible index test; TSRST: thermal stress-restrained specimen tensile strength test.













 





Table 5. Cracking test results: statistical analysis and ranking.
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	SCB-Jc
	FI
	CTindex
	Summation
	Rank





	Mix 70
	1
	1
	1
	3
	1



	Mix 1
	1
	2
	2
	5
	2



	Mix 2
	2
	2
	2.5
	6.5
	3



	Mix 3
	2
	2.5
	2.5
	7
	4



	Mix 4
	2
	4
	3
	9
	5



	Mix 5
	2
	2.5
	2.5
	7
	4



	Mix 6
	1
	2
	2
	5
	2
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