
  
    
  
Advances in Materials Science and EngineeringVolume 2012 (2012), Article ID 901658, 9 pagesdoi:10.1155/2012/901658
Research Article
Performance Evaluation of Warm- and Hot-Mix Asphalt Mixtures Based on Laboratory and Accelerated Pavement Tests
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Abstract. 
A number of warm-mix asphalt (WMA) technologies are used to reduce the temperature at which the asphalt mixtures are produced and compacted, apparently without compromising the performance of the pavement. The main objective of this study is to determine whether the use of an innovative wax-based LEADCAP WMA additive influences the performance of the asphalt mixture, which is produced and compacted at significantly low temperatures. The WMA pavement using LEADCAP additive (WMA-LEADCAP) along with a control HMA pavement was evaluated with respect to their performances of rutting resistance, crack resistance, and viscoelastic property based on the laboratory dynamic modulus test, indirect tensile strength test, and in-door accelerated pavement test (APT) results. With the limited data carried out, the LEADCAP additive is effective in producing and paving asphalt mixture at approximately 30°C lower temperature than a control HMA mixture, and the performances of WMA-LEADCAP pavement are comparable to a control HMA pavement.


1. Introduction
Hot-mix asphalt (HMA) is produced at temperatures between 140°C and 160°C and even higher mixing temperatures can be required to produce some mixtures, namely, asphalt rubber and polymer-modified asphalt (PMA) mixtures. These temperatures ensure that the aggregate is dry, the asphalt coats the aggregate, and the mixture has a suitable workability. Several temperature reduction technologies, called warm-mix asphalt (WMA), have been recently developed in the asphalt paving industry. The initial concept of WMA technologies was introduced in European to reduce greenhouse gas emission due to warn of global warming. Each country within Europe Union was confronted with greenhouse gas reduction targets as a result of the 1997 Kyoto treaty on climate change [1]. The use of WMA technology has become a mainstream of the asphalt pavement construction in the United States and the world due to the reduced fuel consumption, less carbon dioxide emission, reduced oxidation of asphalt, early opening to traffic, and a better working environment for workers. Most WMA technologies work by lowering the viscosity of the asphalt which allows to better coat aggregate surfaces and reduces the target temperatures to reach adequate workability of the mixture. The WMA technology has become popular in recent years because of the environmental and economic benefits in the world [2]. A number of WMA processes have been developed in Europe and the United States since the late 1997. There were approximately 20 WMA technologies being marketed in the United States in a short period of time span of 5 years from 2005 to 2010 [3]. However, WMA technology is still new concept and the performance of any WMA technology has not been verified yet. Therefore, many agencies and contractors have hesitated to apply such new technology and they want to know if WMA technology is comparable to the conventional HMA pavement in terms of construction efforts as well as long-term performance. Therefore, it is essential that the overall performance of WMA pavement is truly as good as HMA pavement. On a life-cycle basis, if WMA pavement does not perform so well, there will not be long-term environmental benefits or energy savings. Thus, several authors have been studying the performance of the WMA additives, binders, and mixtures in order to improve their behavior [4–6].

Korea Institute of Construction Technology (KICT) and Kumho Petrochemical Co. LTD. have jointly invented an innovative WMA additive, which is named low energy and low carbon-dioxide asphalt pavement (LEADCAP). It controls the crystallization so that it does not become brittle at low temperature. The new WMA additive is positively charge to enhance the bonding of asphalt binder to negatively charged aggregate surface.

The main objectives of this study are (1) to introduce the recently developed LEADCAP additive in Korea and (2) to evaluate the performance of WMA-LEADCAP mixture produced and compacted at approximately 30°C lower than a control HMA mixture based on the stiffness and strength characteristics analyzed from the laboratory dynamic modulus and indirect tensile strength tests and permanent deformation analyzed from in-door accelerated pavement testing (APT). For such objectives, the WMA-LEADCAP mixture has been compared against the conventional HMA mixture in this paper. However, interested readers are directed to Yang et al. [7] for various laboratory performance evaluation of LEADCAP technology applied to the different mixture type and comparison with other WMA additive.
2. Characteristics of LEADCAP Technology
A number of new processes and products are available to reduce the temperature at which the asphalt mixtures are produced and compacted without changes of their volumetric characteristics and performance. These technologies are classified as (1) organic additive including paraffin wax, (2) foaming additive including zeolite, (3) foaming process, and (4) chemical additive including surfactants and emulsion. Among those technologies, the principle of organic additives is that the viscosity of asphalt is reduced at the temperature above the melting point in order to produce asphalt mixtures at lower temperatures. In Korea, a new WMA additive, which is named low energy and low carbon-dioxide asphalt pavement (LEADCAP), was developed in 2008. As shown in Figures 1(a): LEADCAP-Base and 1(b): LEADCAP-Modified, the developed additive is classified as an organic WMA additive, which has a wax-based composition including a crystal controller and an adhesion promoter [8, 9]. The crystal controller adjusts the wax crystallization at the low temperature, preventing the binder to show a brittle behavior and the adhesion promoter acts as an effective bonding agent between aggregates and asphalt. As a result, this additive should help improving crack resistance at low temperature and enhancing the moisture susceptibility of WMA mixtures. LEADCAP additive works by reducing the viscosity of the asphalt. Its melting point is 100°C and crystallization point is 90°C. It is typically added at the rate of 1.0% to 3.0% by weight of asphalt binder. Kim et al. [10] and Lee et al. [11] evaluated moisture susceptibility and stripping resistance of WMA-LEADCAP mixtures and it was found that the WMA-LEADCAP mixture exhibited higher moisture resistance than a control HMA and other WMA mixtures. 
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Figure 1: LEADCAP WMA Additive (a): LEADCAP-Base, (b): LEADCAP-Modified.



3. Applications of WMA-LEADCAP Technology in the Field
To investigate both performance and constructability of WMA-LEADCAP mixtures in the field, nine WMA-LEADCAP field trials were conducted. Table 1 summarizes information of nine WMA-LEADCAP field trials included with paving length and amount of production in Korea. A total of 2,358 tons of WMA-LEADCAP mixtures was paved in a total length of 4,090 m. The first WMA-LEADCAP field trial section was constructed with dense-graded asphalt mixture in 2008. Since then, WMA-LEADCAP field trials were successfully completed on the national highway and national expressway from 2008 to 2011 in Korea. It should be noted that performance graded (PG) of asphalt was 64-22 except only one section as summarized in Table 1. 
Table 1: Information of WMA-LEADCAP field trials in Korea.
	

	No. of field trial	Date	Classification	Length (m)	Volume (ton)	PG grade used
	

	1	2008.10	National Highway	240 m	135 ton	PG 64-22
	2	2009.04	National Highway	400 m	212 ton	PG 64-22
	3	2009.11	National Highway	600 m	338 ton	PG 64-22
	4	2010.06	National Highway	600 m	338 ton	PG 64-22
	5	2010.10	National Highway	300 m	259 ton	PG 64-22
	6	2010.10	City Road	200 m	108 ton	PG 76-22
	7	2010.11	National Expressway	600 m	338 ton	PG 64-22
	8	2010.11	National Expressway	600 m	338 ton	PG 64-22
	9	2011.10	National Highway	550 m	292 ton	PG 64-22
	

	Sum	 	 	4,090 m	2,358 ton	 
	



3.1. Measurements of Field Air Voids
To compare compatibility between WMA-LEADCAP pavement and a control HMA pavement in the test section, two samples were cored to determine field air voids from both pavements. Table 2 shows individual field air voids of WMA-LEADCAP and the control HMA pavements collected from 2nd WMA-LEADCAP field trial. The air voids of WMA-LEADCAP pavement ranged between 5.2% and 5.4% and those of the control HMA pavement ranged between 4.7% and 5.5%. On the basis of the field measurements of air voids, it can be postulated that the air voids of the WMA-LEADCAP and the control HMA pavements were not significantly different. These results indicate that the LEADCAP additive would be effective in producing and compacting WMA mixture that is comparable to a control HMA mixture. It was also observed that there is no significant distress in both the LEADCAP-WMA and the control HMA field trial sections for 3 years in service life.
Table 2: Field air voids measured from cored WMA-LEADCAP and control HMA specimens.
	

	Mix type	Air void (%)
	Specimen # 1	Specimen # 2	Average
	

	WMA-LEADCAP	5.2	5.4	5.3
	Control HMA	4.7	5.5	5.1
	



3.2. Measurements of Fuel Consumption and Emissions
During the production of the WMA-LEADCAP mixture at 130°C and a control HMA mixture at 160°C, the use of bunker C oil and carbon dioxide (CO2) was measured in the plant. Fuel consumption and emission data were collected from 2nd WMA-LEADCAP field trial. As summarized in Table 3, the decreased production temperatures led to 32% of energy savings, which resulted in 32% reduction of CO2, 18% reduction of CO, 24% reduction of SO2, and 33% reduction of NOX. These results indicate how effective the LEADCAP additive was in reducing the energy consumption and the emissions to the atmosphere, when producing WMA mixtures [8].
Table 3: Data of fuel consumption and emissions during the production of WMA-LEADCAP and control HMA mixtures in the plant.
	

	Content	Mixture type	
									Reduction  ratio
					
	WMA-LEADCAP	Control HMA
	

	Fuel use (liter/ton)	6.3	9.3	32%
	CO2(kg/ton)	19	28	32%
	CO (ppm)	850	1040	18%
	SO2 (ppm)	160	210	24%
	NOX(ppm)	20	30	33%
	



3.3. Feasibility of WMA-LEADCAP Technology
As summarized in Table 4, six WMA-LEADCAP field trials in foreign countries were completed to examine feasibility of LEADCAP-B and LEADCAP-M additives to different types of asphalt and mixtures at different weather conditions, plant types, and mixing and compaction temperatures. As summarized in Table 4, LEADCAP additives were used in dense-graded asphalt mixture in Portugal, Italy, and Thailand, PG 82-22 SBS-modified porous asphalt mixture in Japan, PG 76-22 SBS-modified SMA asphalt mixture in China, and dense-graded asphalt mixture with RAP materials in United States from fall season in 2010 to fall season in 2011. The LEADCAP additive was added to the asphalt mixture as a plant-mixed type in Portugal, Italy, Thailand, and China and to asphalt as premixed type in Japan and United States. It can be postulated that the LEADCAP additives can be used in all types of asphalt mixtures at any field conditions without modification of asphalt plant [12–15].
Table 4: Information of WMA-LEADCAP field trials in foreign counties.
	

	Fieldcondition	County
	Portugal	Italy	Japan	United States	Thailand	China
	

	Weather condition	2010.9 (fall)	2010.11 (late fall)	2010.12 (winter)	2011.8 (summer)	2011.9 (summer)	2011.9 (fall)
	Mix type	Dense-graded	Dense-graded	Porous	Dense-graded	Dense-graded	SMA
	Asphalt type	Straight asphalt	Straight asphalt	Polymer-modified asphalt	Straight asphalt	Straight asphalt	Polymer-modified asphalt
	LEADCAP type	LEADCAP-M	LEADCAP-M	LEADCAP-B	LEADCAP-B	LEADCAP-B	LEADCAP-B
	Application of LEADCAP	Premixed	Plant-mixed	Premixed	Premixed	Plant-mixed	Plant-mixed
	RAP use	0%	0%	0%	10%	0%	0%
	Plant type	Batch	Batch	Batch	Drum	Batch	Batch
	Mixing temp.	125 ± 5°C	135 ± 5°C	145 ± 5°C	130 ± 5°C	130 ± 5°C	145 ± 5°C
	Compaction temp.	120 ± 5°C	120 ± 5°C	140 ± 5°C	120 ± 5°C	120 ± 5°C	140 ± 5°C
	




4. Laboratory Mix Design
The identical mix design parameters and testing conditions were adopted for WMA-LEADCAP mixture and a control HMA mixture. For this study, the unmodified PG 64-22 binder and the granite aggregate were used for both mixtures. The maximum nominal aggregate size (MNAS) of 19.0 mm is selected for surface layer. As shown in Figure 2, aggregates were sieved and blended to produce dense gradation of MNAS of 19.0 mm, which comprised 38% of 19 mm stockpile, 23% of 13 mm stockpile, 34% of sand, and 4% of filler. Table 5 summarizes superpave binder test results of base asphalt and base asphalt with 2.0% LEADCAP-B additive in terms of softening point, viscosity, 
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, stiffness, and m-value. Both asphalts are determined as PG 64-22, which indicates LEADCAP additive does not affect influence on the PG grade of base asphalt. LEADCAP additive is determined to add by 2.0% of asphalt binder in weight. Following ASTM D 6927, optimum asphalt content was specified as 5.2% for both the WMA-LEADCAP, and the control HMA mixtures by weight of total mix [16]. The mixing and compacting temperatures of the control HMA mixture are 155°C and 145°C, respectively while the mixing and compacting temperatures of WMA-LEADCAP mixture are about 30°C lower than those of the control HMA mixture, for example, 130°C for mixing temperature and 115°C compacting temperature.
Table 5: Superpave binder test results of base asphalt and base asphalt with 2.0% LEADCAP-B additive.
	

	Contents	 	Base asphalt	Base asphalt with 2% LEADCAP-B
	

	Softening point [°C]	 	52.0	54.0
	Viscosity, cPs [max. 3,000 cPs]	135°C	413	400
	 	 64°C	1.28	1.91
	DSR (G*/sinδ),kPa (min. 1.0 kPa)	70°C	0.63	0.93
	 	76°C	0.32	—
	

	After RTFO
	

	 	64°C	2.58	3.78
	DSR (G*/sinδ), kPa (min. 2.2 kPa)	70°C	1.20	2.11
	 	 76°C	0.58	—
	

	After PAV
	

	 	 25°C	2,222	1,864
	DSR (G*·sinδ), kPa (max. 5,000 kPa)	28°C	1,388	972
	 	 32°C	880	644
	BBR	 	 	 
	    Stiffness, MPa (max. 300 MPa)	−12°C	188.9	171.0
	    m-value, (min. 0.3)	−12°C	0.33	0.35
	

	Performance grade	 	64-22	64-22
	






	
		
			
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
					
			
			
				
				
					
				
					
			
			
				
					
			
			
				
					
			
		
	


	
		
			
				
			
			
				
			
			
				
					
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
				
					
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
		
	


	
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		