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Abstract

:

Among the technologies proposed for achieving carbon neutralization in asphalt road pavements, warm-mix asphalt (WMA) has garnered increasing attention in recent years. While WMA holds the potential for various environmental and technical benefits, a comprehensive understanding of its implementation, technology selection, and additives is essential for successful application. This study presents a case where a bio-based chemical additive was employed to produce WMA containing 50% reclaimed asphalt pavement (RAP) for a surface course in Bern, Switzerland. To minimize additional variables during testing and analysis, no other additive or rejuvenator was introduced into the mixtures. The testing plan encompassed laboratory tests on samples collected during material placement and recompacted at varying temperatures in the laboratory, as well as cores extracted from the job site. As anticipated, the presence of the chemical WMA additive did not alter the rheological properties of the reference bitumen. Although in the mixture-scale tests, the WMA mixture exhibited comparable properties to the control hot-mix asphalt (HMA), it is not expected that the small dosage of the chemical additive functions the same grade after reheating and compaction. Nevertheless, the cores extracted from the job site proved the efficiency of the applied WMA technology. In addition, consistent with existing literature, the cracking tolerance (CT) index values of 62 for HMA and 114 and 104.9 for WMA mixtures indicated that the latter is less susceptible to cracking. Consequently, this characteristic could contribute to the enhanced durability of asphalt pavements.
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1. Introduction


Warm-mix asphalt (WMA) is the generic term for a variety of technologies that allow producers of hot-mix asphalt (HMA) pavement material to lower temperatures at which the material is mixed and placed on the road. WMA is a well-known technology that can lead to reduced compaction energy and extend the paving season [1,2]; reduce asphalt aging [3,4,5]; allow asphalt mix to be hauled longer distances [6]; secure the workplace by reducing exposure to fuel emissions, fumes, and odors [7,8]; and reduce the paving costs. Nevertheless, it is noteworthy that some of the mentioned items are circumstance-specific and not applicable to all conditions. As one of the asphalt pavement decarbonization solutions, several WMA technologies have been developed, introduced, and applied in the industry.



Chemical additives or surfactants: These products act at the microscopic interface of the aggregates and bitumen and allow reducing the friction forces. In this way, the asphalt mixture particles move over each other more easily, which, in turn, results in a lower level of mixing and compaction energy required, which enables the lowering of mixing temperature [9,10]. Chemical WMA additives generally improve the adhesion of binder and aggregates as well. Thus, these additives could eliminate the need for additional adhesion-promoting additives [11]. Chemical additives are used in a small dosage and designed not to change the binder’s rheological properties (if so, insignificantly). Consequently, the job mix formula and the performance of the asphalt mixture can remain unchanged.



Organic additives: Above their melting point, organic (wax) additives reduce the viscosity and increase the lubricity of the binder. During the mixing time, this allows the coating of the aggregates at lower temperatures; after the pavement has cooled and the additives crystallize, they tend to increase the stiffness of the binder and asphalt’s resistance against plastic deformation. However, the type of wax must be carefully selected to ensure that its melting point is higher than the expected in-service temperature and to minimize embrittlement of the asphalt mixture at low temperatures [11]. The three most used organic additives are (I) Fischer–Tropsch molecules (waxes/paraffines), (II) Montan waxes, and (III) fatty acid amides [12].



Mineral additives: Mineral WMA additives can be considered an indirect foaming technique, and hydrophilic minerals from the natural and synthetic zeolite family are commonly used additives.



Foaming process: In this technique, the aggregates are heated at a lower temperature than the equivalent HMA, and the viscosity of the binder is reduced through foaming. For this purpose, various means can be adopted to introduce small amounts of water into the hot bitumen. The water turns to steam, increases the volume of the bitumen, and reduces its viscosity for a short period. It is essential that the water evaporates completely; otherwise, it has negative effects during winter frost periods.



Regardless of the applied WMA technology, the lower mixing and paving temperatures minimize fume and odor emissions and create safer working conditions for the asphalt workers. It is estimated that the release of fume is reduced by around 50% for each 12 °C reduction in temperature [12]. In this context, a recent study compared 11 different road sections where both WMA and HMA were laid. According to the results of this study, compared with HMA, the WMA significantly reduced the geometric mean air concentration of asphalt vapor, organic carbon, and respirable particulate matter [13]. This means that it can be safely used in tunnels and on days when air quality is low, and other types of asphalt resurfacing and paving jobs would be with delays.



However, despite the proven environmental and health advantages, WMA is still not well accepted by the pavement industry. Besides the lack of knowledge (standards) on the WMA technologies, the uncertainty on the long-term performance and the interest in increasing reclaimed asphalt pavement (RAP) content in all asphalt layers are recognized as obstacles. The presence of reclaimed asphalt can exacerbate the moisture sensitivity and reduce the durability of the recycled-produced asphalt mixture [14,15].



Consequently, many research works have concentrated on the durability and long-term performance of WMA, which determines the sustainability of the technology in the Life Cycle Assessments (LCA) of a pavement. To cope with all these concerns regarding the performance and durability of WMA mixes, several laboratory-mix design and assessment procedures for WMA technologies have been developed and introduced to the industry, i.e., AASHTO R35-15. This practice guide provides special mix design considerations for WMA mixes that include tests concerning moisture durability and coating.



Nevertheless, regardless of the uncounted advantages within WMA, recycling/re-using, designing, and executing such mixtures have yet to be practiced and investigated. The rejuvenation of the aged bitumen, besides additives, technically requires a certain temperature to be activated and diffused with the added bitumen [16]. In addition, from a logistical perspective, the introduction of several liquid additives at the same time is not easy in many asphalt plants.



The presented research work aimed to achieve the following main objectives:




	(I)

	
Conducting laboratory and in situ investigations to assess the efficiency of a bio- based chemical additive for high RAP-content WMA (warm-mix asphalt) in alignment with Swiss asphalt standards and best practices.




	(II)

	
Evaluating the performance and functionality of chemical additives with relatively small dosages after asphalt mixture production and reheating.




	(III)

	
Comparing the visible fumes and emissions during the HMA and WMA asphalt production and laying.




	(IV)

	
Investigating the practical challenges that may occur during the production and laying of WMA with relatively high reclaimed asphalt content.









The specimen manufacturing temperature was selected based on the main one of the targets of this investigation, which was the presence of WMA chemical additive after multiple reheating and further changes in mechanical properties. The outputs of this study could provide perspectives on the future design and application of WMA containing a chemical additive, which is receiving increasing attention in asphalt industry decarbonization strategies. The following sections introduce the technical details implemented successfully during the construction of the test section of this study. The knowledge provided in this paper can bring light to future research and real-scale similar jobs.




2. Materials


The testing asphalt mixture produced and studied in this project was AC 11 S (according to Swiss specs) dense-graded asphalt mixture (the Nominal Maximum Size (NMS) of the aggregates’ blend was 11 mm) containing 50% reclaimed asphalt pavement (RAP). For this purpose, the reclaimed asphalt pavement was analyzed first, and the results were considered during the mix design. Figure 1 shows the RAP grading curve, and Table 1 summarizes the RAP analysis results. It is worth mentioning that in Figure 1, the grading curve of the RAP is shown within the standard wearing course grading curve. This can help to understand the continuity and consistency of the RAP grading curve compared with the applied blend grading curve. During the mix design procedure performed at BFH laboratory, the mixture was optimized with 5.5% of total Optimum Bitumen Content (OBC), from which, considering the aged bitumen via RAP, 3.2% was determined as the fresh bitumen. The fresh bitumen added in this study was a paving grade bitumen with 200 plus actual penetration. Further information and measured parameters are provided in the following dedicated section of results and analysis.



The WMA chemical additive (ITERLOW ECO) used in this project was a bio-based additive composed of vegetal derivatives. The applied dosage was 0.4% on the design mass of the overall bitumen content (aged bitumen via RAP + added bitumen) of the mixtures. It is worth mentioning that the choice of dosage was based on the additive’s Technical Data Sheet (TDS) and the recommendation of the additive supplier experts. This dosage was selected based on some preliminary binder-scale investigations. Additionally, there are always technical and economic limitations. Adopting a higher dosage could cause premature rutting and compaction difficulties. In fact, the results complied with the technical specifications. The additive was added to the bitumen scale right before the bitumen was added to the hot aggregates. Table 2 represents some of the given physical properties of the additive.




3. Methodology


3.1. Research Project Plan


The applied experimental plan of this study was divided into three phases. The first phase was centered on the rheological/physical properties of the bitumen with and without the chemical additive. The second phase was set to construct a test section for in situ evaluations, collect the testing materials, and have a reference section for long-term monitoring. The third phase was first focused on the consistency of the produced mixtures (collected from the test section) in terms of constituents and grading curves and, second, the mechanical and performance properties of the mixtures (collected from the test section) according to the European/Swiss testing methods conducted in different laboratories in Switzerland and Italy. The tests were conducted using both manufactured specimens in the laboratory and cores drilled from the test section of the project.



It is noteworthy that for the WMA specimens manufactured in the laboratory, the reheating temperature was 160 °C and the compaction temperatures were 140 °C, 130 °C, and 120 °C. Instead, for the HMA specimens, the sample was reheated at 160 °C and compacted by means of 50 blows Marshall hammer (both faces) at 140 °C. The goal was to understand whether the chemical additive, present in low quantities, would remain/react in the mixture and function after multiple heating cycles.




3.2. Testing Methods


The choice of testing methods was guided by AASHTO guidelines and practices for warm-mix asphalt (WMA) [17]. In alignment with the primary objectives of this research, European testing methods were adopted. The first phase of the tests concentrated on binder analysis, where both virgin and extracted binders were tested, and the results were compared with those of other reference bitumen. These tests were carried out by means of conventional and DSR as follows:




	
Penetration, softening point, and viscosity measurement tests according to EN standards EN 1426, EN 1427, and EN 13302, respectively.



	
PG grading was conducted according to EN 14770.








In the next stage, as one of the main steps of mix design and quality control, the RAP and produced mixtures’ grading curves were investigated according to the Swiss SN EN 13108-1.



For the mixture scale tests, the experimental plan included the required analysis defined by the project specifications and the target of the project as follows:




	
Marshall stability and flow were conducted based on the European standard EN 12697-34.



	
Indirect tensile strength (ITS) and Indirect Tensile Strength Ratio (ITSR) were carried out on 50 blows Marshall compacted specimens according to European standards EN 12697-23 and EN 12697-12, respectively.



	
Indirect Tensile Stiffness Modulus (ITSM) was conducted based on the European standard EN 12697-26 IT CY at 20 °C. According to the standard and based on the diameter of the specimens, 7.5 µm was the maximum horizontal deformation.



	
Ideal CT, according to ASTM D 8225 [18], was conducted to investigate the mixtures’ resistance to cracking. The test is elaborated in the NCHRP report No. 195 [19]. For this study, the test was realized at 25 °C. The cracking tolerance (CT) index was calculated using Equation (1):


    C T   I n d e x   =   t   62   ×     l   75     D   ×   G f   |   m   75   |   ×   10   6    



(1)




where Gf = failure energy in (J/m2); |m75| = the absolute value of the post-peak slope at 75% of the peak load; l75 = displacement at 75% of peak load after peak; t = specimen thickness in mm; and D = diameter in mm.



	
A shear bond test (Leutner) was conducted to determine the interlaminar bonding strength between the layers of the asphalt core samples according to SN EN 12697-48 at 20 °C.










4. Test Section Profile


The test section constructed during this research was part of an access road, Bottigenstrasse (after Niederriedweg), on the western side of the city of Bern in Switzerland. The road was a single-carriageway, two-lane road. The project consisted of resurfacing the pavement with 40 mm AC 11 S over a newly laid 60 mm 100% RAP-containing asphalt mixture produced with foam technology. The tested WMA was placed in the northern lane. Considering the objectives of this study, two sets of asphalt mixtures were investigated, including a WMA and a reference HMA. The applied temperatures were carefully controlled at each stage of production, placement, and compaction. Figure 2 and Figure 3 show the temperatures during the WMA and the control HMA mixture laying, respectively.



For the lab testing, the sample of the added bitumen was collected directly from the asphalt plant, and the asphalt mixture samples were collected behind the finisher. This allowed us to have the most representative properties of the materials possible. Regarding the mixtures, the collected loose mixtures were heated and recompacted to manufacture the testing specimens. Table 3 summarizes the applied temperatures and the resulting temperatures during the production in the asphalt plant and different stages of pavement installment. It is worth mentioning that a significant fume was noticed during HMA discharging and spreading behind the finisher.




5. Results and Analysis


5.1. Aggregates’ Blend Grading Curve Control


As a routine quality control (QC) practice, the grading curves of the mixtures were controlled and compared with the grading band of Swiss SN EN 13108-1 specification [20]. As shown in Figure 4, the mean results of the HMA and WMA mixture grading curves complied with the specification’s grading band and were very similar to each other. This would ensure that no impact from differences in the grading curve would occur in the performance of the two mixtures.




5.2. Binder Analysis


The first phase of this study was dedicated to the binder-scale analysis, including the conventional tests and rheological analysis using a Dynamic Shear Rheometer (DSR). All the tests were carried out based on the European testing methods. The three sets of testing bituminous binders were the added bitumen with and without additive, the extracted bitumens, and a typical 50/70 bitumen in a virgin and short-term aged (Rolling Thin Film Oven (RTFO)) sate. The latter was considered in this analysis for two reasons: to compare the final binder grade of the mixtures and to improve the understanding of the level of short-term aging during production. It should be noted that since the transportation distance was too short, the produced mixtures were not fully subjected to short-term aging, which generally happens in a paving project. According to the results shown in Table 4, the following can be deduced:




	
The combination of the added bitumen with the aged bitumen of the RAP perfectly resulted in a typical 50/70 bitumen. In addition, the results of the tests also complied with a typical PEN 70/100 bitumen range, as required by the local specifications.



	
Either in a virgin or aged (extracted) state, as expected, the presence of the chemical additive changed the original properties.



	
The extracted binder showed small changes compared to the HMA, which is technically attributed to the aging phenomenon during production. However, it should be noted that compared with the typical 50/70 bitumen, due to the short transportation distance, the short-term aging was not significant.









5.3. Mixture-Scale Tests


The mixture-scale tests were conducted in two phases: testing the collected material from the job site and examining the cores taken from the installed pavements. For the collected materials, the asphalt mixtures underwent reheating and re-compaction at different temperatures. Specifically, for hot-mix asphalt (HMA), the compaction temperature was set at 140 °C. In contrast, the warm-mix asphalt (WMA) mixture was compacted at both 140 °C and 120 °C. This choice was driven by the fact that WMA chemical additives, even with relatively small dosages, lose effectiveness after the second heating cycle. As previously mentioned, the compaction of the specimens was carried out using 50 blows of a Marshall hammer, adhering to Swiss specifications.



Regarding the cores, they were extracted 4 months after construction. This time lag was intentionally introduced to allow for early-stage changes in pavement materials during service. All tests were performed in accordance with the relevant European standard testing methods, which are detailed in the following sections.



5.3.1. Marshall Stability and Flow


Despite its shortcomings, the Marshall method is still probably the most widely used mix design method and investigation method. Marshall stability is a test parameter that represents the resistance of bituminous materials to distortion, displacement, rutting, and shearing stresses. The stability is derived mainly from internal friction and cohesion. Cohesion is the binding force of binder material, while internal friction is the interlocking and frictional resistance of aggregates. Particularly for the bituminous pavements that are subjected to heavy traffic loads, it is necessary to adopt bituminous material with good stability and flow [21]. From another perspective, the test could be an efficient technique for revealing the presence of oily components via WMA chemical additives. Technically, the presence of oily components results in decreased stability and potential rutting.



Based on the results shown in Figure 5 and Figure 6, it can be concluded that the obtained values align with the type of tested mixtures commonly experienced in other projects. With a deviation of approximately 5%, the obtained values are comparable, and therefore, no significant engineering difference was observed. It is noteworthy that the comparable stability could also ensure resistance to rutting and oil-free chemical WMA used. This matter has also been investigated within the other completed tests.




5.3.2. Indirect Tensile Strength


The indirect tensile strength (ITS) test is considered a common test to assess the cohesion and strength of asphalt mixtures resulting from mastic/aggregate incorporation [22]. A high tensile stress at failure indicates that the asphalt can tolerate higher strains before failing, which means it is more likely to resist the initiation of cracking. Within the literature, higher ITS values could represent superior resistance to permanent deformation [23,24].



The ITS values are shown in Figure 7. Based on the obtained results, all three testing mixtures showed similar values with a circa 9% difference when compared with WMA mixtures produced at 140 °C. The difference becomes more tangible when comparing the reference HMA mixture with the 120 °C mixture; however, the value complies with the specification. This discrepancy could be attributed to the lower production and compaction temperatures during the second time. In fact, during the second heating and compaction, the WMA chemical additive was not fully active as expected. Technically, the WMA should not remain or react after the first production and compaction phase.



From another perspective, it is noteworthy that the obtained test results followed the same trend as the Marshall stability test results, which could show the validity of the results.




5.3.3. Indirect Tensile Strength Ratio


Resistance to water sensitivity has always been one of the major design and control testing parameters of technical specifications, especially for WMA and recycled asphalt mixtures. In fact, the test has been required in AASHTO R 35-15. For this purpose, the manufactured specimens were divided into two subsets of wet and dry conditioning, where they were maintained at an ambient temperature of 22 °C and a water bath of 40 °C for 72 h, respectively. Having completed the conditioning age, the specimens were subjected to indirect tensile stress at 22 °C, and the tensile strength was measured. The ratio of the dry and wet specimen results was considered for evaluating the water sensitivity.



Based on the ITS values of the dry- and wet-conditioned specimens, 89% and 88% were obtained for the WMA (compacted @ 140 °C) and reference HMA mixtures, respectively. Both mixtures showed quite the same values, and both mixtures complied with 70% as the minimum requirement of the specification. Accordingly, it can be deduced that the WMA technology did not impact the water sensitivity of the asphalt mixture.




5.3.4. Indirect Tensile Stiffness Modulus (ITSM)


The stiffness modulus of a pavement represents the ability of the bituminous mixtures to spread the vehicle-pass loads from the road’s surface throughout the pavement layers [25]. Knowledge of the stiffness of a bituminous mixture is obviously a key element for the analysis and “rational” structural design of flexible pavements. Accordingly, stiffness modulus has been considered in many technical specifications for asphalt pavements.



Figure 8 shows the obtained values for the three sets of testing materials. According to the results, both recompacted WMA and HMA mixture at 140 °C showed similar results, while the WMA sample compacted at 120 °C showed a slightly inferior value. This occurrence can be attributed to the chemical additive’s primary function, which is most effective during production and application. Given its minimal dosage, it does not exhibit optimal efficiency when the mixture is reheated and compacted. From another point of view, the similar values of the two WMA and HMA mixtures, recompacted at the same temperatures, prove that the chemical additive has not impacted the mechanical performance of the mixtures previously attested by rheological tests during the binder analysis.




5.3.5. Ideal CT


Cracking susceptibility has always been one of the main concerns associated with recycled mixtures. Although the problem could be intensified with increased RAP content, technically, the problem could be managed by cautious material selection and mixed design.



Figure 9 displays the averaged load-displacementcurves from three replicates. The CT-index calculated values for HMA, WMA at 140°C, and WMA at 120°C were 62.0, 114.9, and 104.9, respectively. These values, besides the load–displacement curves compared in Figure 8, show a higher resistance to cracking when the WMA technique is applied. The lower cracking performance of the HMA mixture is attributed to the short-term aging that occurred during the mixture production in the plant and the reheating of the material in the laboratory for specimen manufacturing. In addition, the presence of the bio-based WMA additive reach in aromatics could have an impact on reducing aging. However, this shall be further tested for approval. In this context, research work showed that the addition of liquid bio-additives can improve the resistance to cracking [26].



In addition to the discussed cracking tolerance, the failure energy of the testing samples was also calculated according to ASTM D 8225, explained in the test method sections. Based on the measured values, the failure energy for HMA, WMA at 140 °C, and WMA at 120 °C were 5309, 5700, and 5526 J/m2, respectively. Accordingly, 7% and 4% differences were measured between the HMA and WMA @ 140 °C and WMA @ 120 °C, respectively. This could technically show that the cracking performance is not highly dependent on the level of tensile strength and modulus.




5.3.6. Core Analysis


To investigate the installed pavements and validate the performance of the mixture compacted in situ, the cores were drilled and tested in the laboratory. The testing plan included the volumetric as the most representative property and shear bond strength analysis as one of the WMA pavement concerns.



Given that pavement structures are made up of several layers of different materials, the long-term pavement performance and durability are likely to be affected by the loss of bond between the layers [27]. Should the bond at an interface be inadequate, the strains throughout the pavement may increase (under trafficking), and its life may consequently be reduced. While warm mix asphalt offers several advantages, engineers and researchers need to carefully evaluate its impact on the shear bond strength between asphalt layers. Figure 10 shows the test setup and one of the cores of the paved sections.



Table 5 summarizes the obtained results. Based on these values, the followings can be deduced: (I) The reduction in production and compaction temperature did not impact the volumetric properties and, more importantly, the level of compaction. This consequently resulted in similar mechanical properties. This has been shown in the laboratory test results. (II) Both mixtures showed similar shear bond strength. Therefore, WMA technology, if applied at the right temperature and paving terms, would not decrease this property.



From a statistical perspective, based on the individual values, the standard deviation of the density for the HMA and WMA cores will be 17.81 and 13.51, respectively. Additionally, when considering the air void content, the HMA and WMA cores are calculated to be 0.58 and 0.45, respectively. Notably, lower standard deviations have been observed for the WMA mixtures in both cases. A smaller standard deviation indicates that the data points are relatively more consistent and less widely dispersed from the mean value. Consequently, when the standard deviation is low, it inspires greater confidence in the reliability of the measurements.






6. Conclusions


In summary, the project’s laboratory and real-scale investigation demonstrated that it is technically feasible to produce WMA (warm-mix asphalt) even when using a substantial amount of reclaimed asphalt. For this target, chemical WMA additives that are used in a small dosage and do not pose any impact on the rheological and mechanical properties of asphalt binder and mixture could be technically the most promising technology. The tests carried out in this study showed that the chemical additives do not react after reheating. Technically, this is one of the genuine characteristics of chemical additives that are used in a very small dosage. Based on the in situ observations and laboratory analysis on the recompacted specimens and cores drilled from the job site of this study, the following highlights are summarized:




	
Due to the nature of the WMA chemical additives as a surfactant and the very small dosage generally applied (150–350 g/ton of asphalt), the additives did not change the rheological properties of the bitumen and consequently the mechanical performance of the final mixture. In fact, it should be noted that the chemical additives do not act similarly to the first production and compaction during the reheating, mixing, and recompacting. Technically, this is a desired characteristic of the WMA chemical additives.



	
Overall, no significant difference was observed between the mechanical and performance properties in terms of Marshall stability, water sensitivity, Indirect Tensile Modulus (ITSM) and Strength (ITS) of the HMA mixture and WMA mixture reheated and recompacted specimens, particularly when the WMA specimens were reheated at 30 °C and 140 °C.



	
Attested by the Ideal CT test, the HMA mixture showed a higher susceptibility to cracking than WMA mixtures. According to the results, two short-term aging times (during the production and transportation of the mixture and reheating) significantly decreased the mixtures’ flexibility.



	
According to the shear bond stress test results of this investigation, it can be deduced that applying the right temperature and paving terms could guarantee the bond properties between the pavement layers.



	
As the most representative parameter, the volumetric properties of the laid WMA and HMA mixtures were examined by testing the cores drilled from the job site. Independent of reheating and the function of chemical additives during reheating and compaction for the laboratory manufacturing specimens, similar values were obtained for both WMA and HMA testing mixtures for the cores from the field. In addition to the efficiency of the used additive, this inspires greater confidence in the realistic conditions and properties of the laid and studied pavements.



	
As anticipated, no fumes were observed either during the production and discharge of the mass into the truck or at the job site during the laying and compaction of the warm-mix asphalt (WMA) mixture.









7. Future Works


To complete the knowledge obtained during this full-scale study, the constructed test sections will be monitored, and pavement conditions will be assessed using regular pavement expert surveys. This would include the measurement of rutting by means of a straight edge.
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Figure 1. The grading curve of the reclaimed asphalt pavement. 
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Figure 2. WMA section temperature 123.9 °C. 
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Figure 3. HMA section temperature 162.1 °C. 
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Figure 4. Grading curve control. 
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Figure 5. Marshall stability of the WMA and HMA mixtures. 
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Figure 6. Marshall flow (F) of the WMA and HMA mixtures. 
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Figure 7. Indirect tensile strength values. 
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Figure 8. Stiffness moduli at intermediate temperature. 
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Figure 9. Load vs. displacement plots. 
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Figure 10. Shear bond test set up (left) and the core before and after the test (right). 
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Table 1. Reclaimed asphalt pavement analysis results.






Table 1. Reclaimed asphalt pavement analysis results.





	Property
	Unit
	Value





	NMS
	mm
	11



	Bulk density
	kg/m3
	2512



	Binder content
	%
	4.6



	Aged bitumen penetration
	dmm
	29



	Aged bitumen softening point
	°C
	61










 





Table 2. Physical properties of the WMA chemical additive.






Table 2. Physical properties of the WMA chemical additive.





	Property
	Unit
	Value





	Aspect
	–
	Liquid



	Colour
	–
	Light Brown



	Density @ 25 °C
	g/cm3
	0.85–0.95



	Viscosity @ 25 °C
	cP
	15–60



	Flash point
	°C
	˃155



	Pour point
	°C
	≥0










 





Table 3. Applied and resulting temperatures in situ and lab reproduction of specimens.
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Material

	
Measured Time

	
Temperature * (°C)




	
WMA

	
HMA






	
Hot aggregates

	
In the batch

	
200

	
230




	
RAP

	
In the parallel drum

	
110

	
110




	
Bitumen

	
In the silo

	
150

	
150




	
Recovered Filler

	
In the silo

	
50

	
50




	
Added Filler

	
In the silo

	
20

	
20




	
Asphalt mixture

	
In the truck (plant)

	
140

	
165




	
Behind the finisher

	
130

	
155




	
Compaction

	
On the site

	
120

	
145




	
Ambient temperature

	
During the compaction

	
15

	
25








* All temperatures shall be considered with ±2 °C of tolerance.













 





Table 4. Binder-scale tests’ results.
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Test

	
Unit

	
Standard

Testing

Method

	
Virgin Added

Bitumen

	
Extracted

Bitumen

	
Typical PEN 50/70

Bitumen

	
Typical PEN 70/100

Bitumen




	
Without WMA

Additive

	
With WMA Additive

	
HMA

Mix

	
WMA * Mix

	
Virgin

State

	
RTFO

State

	
Virgin

State






	
Penetration

@ 25 °C

	
dmm

	
EN

1426:2015

	
204

	
197

	
53

	
57

	
55

	
35

	
40–75




	
Softening point

	
°C

	
EN

427:2015

	
39.4

	
39.0

	
55.4

	
53.6

	
51.0

	
57.8

	
45–62




	
Dynamic viscosity

@ 135 °C

	
Pa s

	
EN 13302:

2018

	
0.269

	
0.264

	
0.685

	
0.630

	
0.630

	
0.990

	
–




	
Exact

Upper PG

	
°C

	
EN

14770:

2012

	
56.8

	
55.8

	
74.5

	
72.4

	
71.5

	
77.9

	
–








* The mixture contained the WMA additive just during its plant production.













 





Table 5. Laboratory test results of the cores.






Table 5. Laboratory test results of the cores.





	
Test Item

	
Unit

	
WMA

	
HMA

	
Specification (VSS 40 430)




	
C1

	
C2

	
C3

	
C1

	
C2

	
C3






	
GmB

	
kg/m3

	
2399

	
2372

	
2385

	
2421

	
2386

	
2397

	
–




	
Mean GmB

	
2385

	
2402




	
Gmm

	
kg/m3

	
2465

	
2475

	
–




	
Reference Density

	
kg/m3

	
2400

	
2422

	
–




	
Degree of compaction

	
%

	
99.4

	
99.2

	
≥97




	
Air void content

	
%

	
2.7

	
3.8

	
3.2

	
1.8

	
3.2

	
2.7

	
2.5–6.0




	
Mean Air void content

	
3.2

	
2.6




	
Shear stress

	
kN

	
21.8

	
21.7

	
≥15
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