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Abstract. 
As warm mix asphalt (WMA) pavements afford compaction at temperatures several dozen degrees lower than hot mix asphalt (HMA), the rate of cooling drops dramatically allowing paving to continue into colder weather. For this study, field samples from the Valley City project were collected after being in service (aged) for three years. The historical weather data during study period, 2011-2014, indicates that the temperature in Valley City dropped up to −34°C in winter. Prior studies have noted the importance of studying the performance of asphalt in different environmental conditions, and with different additives. Therefore, this study was set forward to study rutting resistant of field WMA in one of the coldest regions in the US, which used Evotherm 3G as an additive. The research aimed to compare aged WMA rutting resistance, including Evotherm 3G, to that when the specimens were newly constructed. The Asphalt Pavement Analyzer (APA) was used to compare the rutting resistances of WMA and the control HMA. The results indicated that aged samples were more rut resistant than nonaged samples under wet and dry testing conditions. Also under wet and dry testing conditions, aged WMA samples exhibited lower rutting resistance than aged HMA samples. No interaction effects of aging and Evotherm 3G were found on the rutting resistance of asphalt. Addressing the issue of binder aging and its effects on the overall rut performance of pavements gives further insight into the utility of WMA overlays in cold weather regions such as North Dakota.

1. Introduction
Warm mix asphalt (WMA) is a technology that allows manufacturers of asphalt to lower the production and compaction temperature of asphalt mixtures by up to 100°F. Recently, stringent environmental regulations have resulted in using WMA technologies. Reducing mixing and compaction temperatures induced reduction in fuel costs and emissions [1]. Apart from those benefits, WMA can facilitate longer haul distances and cool weather pavement [2].
Depending on the type of binder used, North American Hot Mix Asphalts (HMA) are generally heated to 300°F. WMA technologies give the process and production the capability of reducing temperature without compromising the performance of the pavement [3]. However, a lower compaction temperature results in lower rutting resistance of asphalt mixes [4]. Reduced oxidation of the WMA binder is one of the reasons of reduced moisture and rutting resistance of WMA [5]. Rutting is one of the main causes of failure in pavement structures. Rutting is another term used for unrecoverable deformation caused by traffic loading which leads to lateral movement of pavement materials. As a result of this deformation or rutting distress, vehicles tend to be pulled to the rut depth.
A number of WMA formulae have been accepted by the asphalt industry such as Sasobit, Evotherm, and REVIX. Using a lower temperature during production and placement of WMA has important advantages. In the original type of Evotherm, the emulsion is produced using a chemical package designed to enhance adhesion, coating, and workability. Most of the water flashes off as steam when the additive is mixed with the aggregate [6]. Evotherm 3rd Generation (3G) is a water-free WMA which is easy and ready-to-use formula that allows application of asphalt at a temperature 60°-90°F lower than traditional HMA.
However, rutting distress is the major concern in using WMA technology [7, 8]. A considerable amount of literature has been published on WMA rutting with different Evotherm technologies, but they have shown mixed results. A number of studies have reported decreased rutting of WMA with Evotherm. Hurley and Prowell measured rutting resistance of WMA with Evotherm using an asphalt paver analyzer (APA)  [3]. They found that the addition of Evotherm did not statistically affect the rutting resistance of asphalt. Ghabchi et al. compared rutting resistance of WMA with Evotherm and HMA using the Hamburg wheel tracking (HWT) test [9]. The results revealed that the performance of WMA depends on the technology and the type of additive used, and WMA had lower and, in some cases, equal rutting resistance compared to HMA. Similarly, the effects of three types of WMA additives were investigated by Du and Li [10]. The test results indicated that Evotherm DAT improved rutting resistance of Hot Mix Asphalt. Prowell et al. investigated field performance of WMA by incorporating Evotherm. The rutting resistance carried out by the APA indicated that WMA had similar rutting resistance compared to HMA. Behl et al. conducted a study to evaluate aging characteristics of WMA binders [11]. The results indicated that Evotherm based WMA aged at lower temperature showed higher resistance to rutting to that of the control aged HMA. Syed et al. investigated the rutting performance of WMA with Evotherm and compared it with HMA [12]. The results indicated that WMA showed lower rut depth compared with HMA.
On the other hand, research by Sargand et al. indicated that mixtures with WMA have lower rutting resistance than HMA [13]. All types of WMA, with Evotherm, Sasobit, and Aspha-Min, had more rutting under rolling wheel loads than traditional HMA, with Evotherm having the highest rutting. A study was conducted by Wu et al. to investigate the performance of field aged WMA [14]. The results indicated that Evotherm binder was comparable with HMA binder after field aging. However, file aged HMA exhibits higher rutting resistance than Evotherm WMA. The importance of environmental conditions on the performance of WMA was investigated in the literature [15]. It was shown that the mechanical properties of WMA would be affected by climatic factors.
While few studies have been conducted to evaluate the rutting performance of WMA containing Evotherm 3G, in-field performance of WMA containing Evotherm 3G is scanty. Moreover, not much research evaluated the rutting resistance of in situ aged WMA with Evotherm 3G under the cold weather conditions, with performance grading (PG) 58-28, such as that in North Dakota, USA. This study was conducted to fulfill the following objectives:
The first objective is to evaluate and compare rut values of aged and unaged WMA specimens to HMA specimen for dry and wet conditions.
The second objective is to statistically analyze the effects of aging and additive (WMA and HMA) on rutting resistance.
2. Methodology
The samples were collected from overlays on the section near Valley City using Evotherm 3G as an additive on the North Dakota Department of Transportation (NDDOT) asphalt paving project. The historical weather data indicates that weather in Valley City dropped to −34°C (-30°F), between 2011 and 2014. About 5 miles of this project was paved with WMA for the experimental section and about 5 miles of the project was the control section using binder type PG 58-28 for both sections. The location of the experimental part is from reference point (RP) 56.480 to RP 61.233 and the control part, HMA, is from RP 51.000 to RP 56.000. To fulfill the objectives of this study, the methods depicted in Figure 1 are taken.




	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
			
				
			
			
				
			
		
		
		
		
		
		
		
			
				
			
			
				
			
		
		
			
		
		
			
		
		
		
		
		
		
			
		
		
			
		
		
			
		
	


Figure 1: Flow chart for testing and analyzing the specimens.


In 2011, samples (Unaged) were collected by Suleiman and Mandal with the objective of evaluating rut resistance of NDDOT WMA overlays with respective HMA [16]. The purpose of that study was to compare rutting resistance of WMA with HMA under dry and wet conditions using the asphalt pavement analyzer (APA).
The samples used in this research for rutting comparison between WMA and HMA were provided by NDDOT. The WMA and HMA samples had the same traffic and environmental conditions. Similar binders and aggregates were also used in making the samples. The locations of core specimen are presented in Table 1.
Table 1: Field core specimen identification.
	

	Core Locations	Core Number	Quantity-EB	Quantity-WB	Type
	

	54.500	1-4	2	2	HMA
	

	55.000	5-8	2	2	HMA
	

	55.500	9-12	2	2	HMA
	

	56.000	13-16	2	2	HMA
	

	57.329	17-20	2	2	WMA
	

	58.939	21-24	2	2	WMA
	

	59.548	25-28	2	2	WMA
	

	60.170	29-32	2	2	WMA
	



Thirty-two specimens were chosen for APA rut testing, 16 of them for dry testing and 16 of them for wet testing. Sixteen HMA specimens were chosen in a similar manner to the WMA. The dimension of the specimen used in APA was 6 inches in diameter and 3 inches high (15 cm in diameter and 7.5 cm high). A concrete saw was used to cut and prepare the specimens from the top to the depth of three inches, which is the required depth for APA rut testing.
For rutting evaluation under the wet condition, specimens were heated to 58°C for about 6 hours, which is in accordance with the PG grade of the binder used in the asphalt. For wet condition, specimens were immersed in the tank filled with water at the temperature of 58°C. Similarly, for dry conditions, 58°C was chosen for the APA dry condition.
Prior to running the APA test, the specimens for dry conditioning were heated for 6 hours to 58°C, which matched the high temperature of the PG grade 58-28 used in the project by NDDOT. This temperature would be maintained during the actual APA dry test. For wet conditioning, the specimens were placed in a 58°C water bath for 24 hours prior to the test. The same test preparation procedure was maintained for both HMA and WMA cases.
The Asphalt Pavement Analyzer (APA) was used to compare the rutting resistance of WMA with correspondent HMA. APA testing is based on AASHTO TP 63-03, which is the standard test method for determining rutting susceptibility of asphalt paving mixture using the APA. Testing time for rutting was about 2 hours which consisted of 8000 cycles. The wheel load applied in APA is 100 psi (45Kg) which was uniformly applied on the specimens [17]. The utilization of APA has been cost-effective, fast, and practical to use. A 3/4-inch (9.0 mm) rutting was considered as failure criteria for this test.
The temperatures of pavement for both HMA and WMA at windrow, behind the paver, and behind different rollers in North Dakota are presented in Table 3. For the comparison, the temperature behind the roller was used as compacting temperatures for WMA and HMA. As can be seen from Table 2, the temperature difference in windrow was 34 while this difference behind 3rd roller was only 3 degrees. This could be an indication that the rate of cooling drops dramatically, which allows paving to continue into colder weather.
Table 2: Average WMA and HMA temperature during different pavement process operations in ND.
	

	Average WMA and HMA 
Temperature (F)	Windrow	Behind 
Paver	Behind 
Roller	Behind 
2nd
Roller	Behind 
3rd
Roller
	

	SS-3-020(072)069 WMA	249	234	228	161	162
	

	SNH-3-281(093)128 HMA	283	273	250	224	165
	



Table 3: Sample means and sample standard deviations of samples according to combinations of age, moisture, and temperature.
	

	Asphalt Sample	Number of samples	Mean	Standard Deviation
	

	Aged dry WMA	8	7.04	2.08
	

	Aged wet WMA	8	6.33	0.58
	

	Aged dry HMA	8	4.45	0.98
	

	Aged wet HMA	8	5.13	0.65
	

	Unaged dry WMA	6	8.90	0.43
	

	Unaged wet WMA	6	8.57	0.74
	

	Unaged dry HMA	6	7.92	0.68
	

	Unaged wet HMA	6	6.62	1.03
	



A total of 8 different types of asphalt mixes were considered in this study (See Table 3). These types include age (aged; unaged), temperature (warm; hot), and moisture (wet; dry). For each type of asphalt mixes, there were 8 samples. Some samples were lost in testing for the unaged category. As can be seen from the table, unaged dry warm mix asphalt (UDWMA) had the highest sample mean rut depth (8.90mm) while aged dry hot mix asphalt (ADHMA) had the lowest sample mean (4.45mm).
Two-way analysis of variance (ANOVA) was performed to analyze rutting depth. Separate analyses were conducted for each moisture level (wet; dry). Two-way ANOVA was used to assess main effects of age and temperature as well as the interaction effects of age and temperature on rutting depth. Let i index age (0 years; 3 years), j index temperature (warm; hot), and k index the sample. Then the statistical model has the form μ = overall population mean depth of rutting αi= main effect of age i βj = main effect of temperature j (αβ)ij = interaction effect of age i and temperature j eijk = experimental error for sample k with age i and temperature j
 The analysis of the model was done using the glm procedure in SAS 9.4 (SAS Institute, 2014).
3. Results
Table 4 presents the two-way ANOVA results for examining the effects of age and temperature on rut depth. The ANOVA test was conducted separately for wet and dry conditions. The effects were declared to be non-zero when the p value was less than the specified significance level of 0.05. Since there were an unequal number of samples across age, the sum of squares was based upon weighted squares of means or Type III Sums of Squares in SAS GLM [18].
Table 4: ANOVA table for rut depth under wet conditions and dry conditions.
	

	Dry Mix
	

	Factors	DF	Sum of squares	Mean Square	F-value	p-value
	

	temp	1	21.78	21.78	11.35	0.0025
	

	age	1	48.84	48.84	25.45	<0.0001
	

	tempage	1	4.45	4.45	2.32	0.1409
	

	error	24	46.05	1.92	 	 
	

	Total	27	124.53	 	 	 
	

	R2	 	0.63	 	 	 
	

	Wet Mix
	

	Factors	DF	Sum of squares	Mean Square	F-value	p-value
	

	temp	1	17.04	17.04	25.96	<0.0001
	

	age	1	23.99	23.99	36.55	<0.0001
	

	tempage	1	0.96	0.96	1.46	0.2388
	

	Error	24	15.75	0.66	 	 
	

	Total	27	56.93	 	 	 
	

	 R2	 	0.72	 	 	 
	



For the dry mix conditions, the interaction effects were all declared to be 0 (p value = 0.1409). However, there were non-zero effects due to temperature (p value = 0.0025) and age (p value <0.0001).
Similar conclusions for the effects on rut depth were found for rutting depth with wet testing conditions. The interaction effects were declared to be zero (p value = 0.2388). The main effects of temperature (p value <0.0001) and age (p value <0.0001) were declared to be non-zero.
Since there are no interaction effects involving temperature and age, the associated marginal means are of particular interest. The least squares means, standard errors, and test of equality of the marginal means are presented in Table 5 for both the dry mix and wet mix conditions. The p values associated with the test of equal marginal means are the same as the test of non-zero main effects in Table 4 since there are only two levels of these factors. Under both conditions, the marginal mean rutting depth is smaller for the hot mix (HMA) than for the warm mix (WMA). The marginal mean rutting depth is also smaller for aged asphalt compared to unaged asphalt for both conditions.
Table 5: Least squares means and standard errors for age and temperature levels for the dry mix condition and for the wet mix condition.
	

	Dry Mix	Rutting depth (mm) SE
	

	Temperature	 
	    Hot	6.180.37
	    Warm	7.970.37
	P-value	0.0025
	Age	 
	    0 yrs	8.410.40
	    3 yrs	5.740.34
	P-value	<0.0001
	Wet mix	 
	Temperature	 
	    Hot	0.22
	    Warm	7.45
	P-value	<0.0001
	Age	 
	    0 yrs	0.23
	    3 yrs	0.20
	P-value	<0.0001
	



The previous test results were based upon assumptions on the model errors (eijk). These assumptions include independence, normality, and equal variance. The assumptions can be evaluated using studentized residuals.
First, the residuals were plotted in Figure 2 from the model fit for wet mix. The plot of studentized residuals versus predicted values illustrated random scatter of the residuals about 0 with fairly equal spread. A Levene test of equal variance across the predicted values did not indicate a violation of the homogeneity of variance assumption on the model errors (F3,24 = 1.56; p value = 0.2245). The normality plot of the studentized residuals showed the residuals lying close to the theoretical normal line. A Wilk-Shapiro test of normality on the model errors did not indicate problems with the normality assumptions (W = 0.9530; p value = 0.2349).




	
	
		
			
				
			
		
		
			
				
			
		
		
		
		
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: Plots of studentized residuals versus predicted values and versus normal quantiles for wet mix.


The residuals were also plotted in Figure 3 from the model fit for dry mix. The plot of studentized residuals versus predicted values illustrated random scatter of the residuals about 0, but with unequal spread. This appeared to be due to the studentized residuals near a predicted value of 7. A Levene test of equal variance across the predicted values confirmed this observation (F3,24 = 3.96; p value = 0.0199). The normality plot of the studentized residuals showed the residuals lying close to the theoretical normal line, except for the largest two studentized residuals. A Wilk-Shapiro test of normality on the model errors did suggest problems with the assumptions of normality due to these residuals (W = 0.9261; p value = 0.0492). Thus, the assumptions on the model errors appear to not be met due to the first two samples which consist of the largest observed rut depth (10.57, 10.24). In fact, these were the only observations in the dataset that exceeded 10.




	
	
		
			
		
		
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 3: Plots of studentized residuals versus predicted values and versus normal quantiles for dry mix.


If these samples were removed from the analysis, then the assumptions on the model errors appeared to be met. The Levene test of equal variance across the predicted values did not indicate a violation of the homogeneity of variance assumption on the model errors (F3,22 = 1.24; p value = 0.3175). The Wilk-Shapiro test of normality on the model errors also did not indicate problems with the normality assumptions (W = 0.9781; p value = 0.8320). The two-way ANOVA was refit without samples 1 and 2 and the results are shown in Table 6. The total and residual sum of squares decreased as a result of removing these extreme observations. Otherwise, the results and conclusions do not change. The interaction effects would be declared to be zero, and the main effects due to temperature and due to age would be declared to be non-zero.
Table 6: ANOVA table for rut depth for dry mix without samples 1 and 2.
	

	Dry Mix
	

	Factors	DF	Sum of squares	Mean Square	F-value	p-value
	

	temp	1	9.53	9.53	13.35	0.0014
	

	age	1	66.79	66.79	93.50	<0.0001
	

	tempage	1	0.38	0.38	0.53	0.4733
	

	error	22	15.71	0.71	 	 
	

	total	25	97.79	 	 	 
	

	R2	 	0.84	 	 	 
	



3.1. Summary and Conclusions
It is a fact that the properties of binder and WMA additive can impact the properties of asphalt mixture. So, a better understanding of the performance of WMA with different asphalt and additives can help to implement this technology more successfully. Moreover, most of the studies so far are based on the either short-term field performance of WMA pavement or lab testing. The literature lacks rutting filed performance of WMA with Evotherm 3G in climate conditions such as North Dakota. Therefore, the main goal of this study was to obtain a better understanding of the rutting resistance of WMA with Evotherm 3G in this state.
APA testing machine on PG 58-28 Evotherm 3G was carried out to investigate the rutting resistance of asphalt samples collected in cold weather climates such as North Dakota. Comparisons were made across pavement mix temperature (WMA and HMA) under both dry and wet testing conditions. The age of the samples (unaged and aged) was also compared. Unaged rut data from a previous study involving the same paving project, Suleiman and Mandal, were compared with the aged rut results of this study [16].
Two-way ANOVA was used to statistically assess the effects of temperature and age. This study reached the following conclusions:(1)Regardless of moisture conditions, there were no non-zero interaction effects involving age and temperature.(2)Under both dry and wet conditions, aged samples (3 years after construction) had lower mean rut resistance than unaged samples (those immediately after construction).(3)Under dry conditions and after 3 years, the estimated mean reduction in rut depth was 31.7%.(4)Under wet conditions and after 3 years, the estimated mean reduction in rut depth was 24.6%.(5)The rut depth comparisons between aged WMA and HMA under dry and wet conditions revealed that WMA rut resistance is inferior to HMA.(6)Under dry conditions, the estimated mean difference in rut depth, between aged and unaged samples, was 22.4%.(7)Under wet conditions, the estimated mean difference in rut depth, between aged and unaged samples, was 21.2%.
The results of this study can be applied to the rutting resistance of WMA with Evotherm in similar weather climates. Furthermore, more studies are needed to confirm the results obtained by this study.
3.2. Recommendation
This study provides a realistic representation of the long-term in situ rutting resistance of WMA with Evotherm 3G. In addition, this research has thrown up many questions in need of further investigation about WMA with Evotherm 3G. It is recommended that further research be undertaken in the following areas:
More research is needed to investigate and address the low rutting resistance of WMA with Evotherm 3G.
The future research could assess the longer term resistance of WMA with Evotherm.
Data Availability
The data used to support the findings of this study are available from the corresponding author upon request.
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