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Abstract

:

Featured Application


This study proposes a method for quantitatively analyzing the effective bitumen content of RAP and the blending degree of virgin and RAP binders in RAM; furthermore, the findings discussed herein provide a scientific reference for the design of RAM and for improving its pavement performance.




Abstract


Recycled asphalt mixtures (RAM), which are prepared by blending reclaimed asphalt pavement (RAP), virgin bitumen and mineral additives, provide a variety of advantages, including resource recycling, reductions in costs, and reduced negative environmental impacts. However, multiple agencies have expressed concerns about the utilization ratio of RAP; thus, a comprehensive understanding of the blending degree of virgin and RAP binders in RAM would be significantly helpful for promoting the application of RAP. This study aims to quantitatively analyze the blending degree of virgin and RAP binders in RAM with high RAP contents. Carboxyl-terminated butadiene acrylonitrile (CTBN) was utilized as a tracer to mark the virgin bitumen; in addition, Fourier transform infrared (FTIR) spectroscopy was used to develop the structural index of CTBN (ICTBN). By establishing the standard curve between ICTBN and the CTBN content, the blending degree of virgin and RAP binders at different locations within RAM can be determined quantitatively. The study results indicate that the RAP binder was completely blended with the virgin bitumen in the outer RAP layer. However, the blending degree decreased with an increase in the RAP depth, and the blending degree in the inner RAP layer was only approximately half that which was found in the case of complete blending.
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1. Introduction


With the aging of asphalt pavement, large quantities of reclaimed asphalt pavement (RAP) are produced. Virgin bitumen and aggregate materials are non-renewable, and their costs have significantly increased over the past few years; as a result, RAP needs to be recycled more effectively to reduce mixture costs and negative environmental impacts. At present, most agencies permit the use of only 10–25% RAP in recycled asphalt mixtures (RAM), which greatly contributes to a low RAP utilization rate and directly diminishes the economic benefits of RAM. Hence, increasing the RAP ratio in RAM would be significantly helpful for promoting the application of RAP; moreover, satisfying the performance requirements of RAM with a high RAP content is a critical issue that needs to be addressed [1,2,3,4,5].



Most highway agencies assume that the blending state of virgin and RAP binders in RAM is complete, but this assumption is not applicable to RAM with high RAP contents. To date, many studies have explored the effects of high RAP contents on RAM [6,7,8,9,10,11]. Huang et al. evaluated the cracking resistance of RAM, the results of which indicated that the inclusion of RAP generally increased the stiffness and indirect tensile strength of the mixture. Moreover, the mixture properties changed significantly at a RAP content of 30% compared with those at RAP contents of 10% and 20% [12]. The studies indicated that RAM were more susceptible to various modes of cracking (i.e., fatigue, thermal, and reflection cracking) with an increase in the RAP content, likely resulting in a lower resistance to cracking and the occurrence of moisture damage. The primary reason is that the RAP binder is stiffer than virgin bitumen [11], and the different viscosities of their compositions leads to poor blending between virgin and RAP binders during the mixing process. Because the virgin and RAP binders do not blend fully, relatively weak regions are present in the final product; as a result, the RAM exhibits a reduced water stability, a low-temperature crack resistance, and a short fatigue life [13,14]. Therefore, to improve the performance of RAM and increase the RAP content of it, it is necessary to evaluate the blending degree of virgin and RAP binders.



Many studies have explored the blending state of virgin and RAP binders in pure bitumen; these investigations were conducive to promoting research on the blending degree of virgin and RAP binders [15,16,17,18]. For example, Bowers et al. quantitatively explored the blending degree of virgin and RAP binders in each recycled binder layer; the blending degree was extracted from RAM using Fourier transform infrared (FTIR) spectroscopy and gel-permeation chromatography (GPC) [19]. However, due to the influences of aggregates, fibers and other materials, the analysis of blending state of virgin and RAP binders in RAM is difficult compared to that of pure bitumen [20,21]; hence, the use of tracer is a viable approach to distinguish virgin bitumen from the RAP binder, and to explore the blending degree of virgin and RAP binders in RAM. Druta et al. used X-ray computed tomography to qualitatively analyze the blending state of virgin bitumen containing metal powder in the simulated asphalt mixture and found that the virgin and RAP binders were only partially mixed [22].



Carboxyl-terminated butadiene acrylonitrile (CTBN) was used as the tracer in a previous study to mark virgin bitumen and track its movements [23], and the blending degree of virgin and RAP binders in RAM was investigated qualitatively using FTIR. The results indicated that the blending states of virgin and RAP binders depends on the location of RAP and is not uniform hierarchically across the three sample layers; however, the blending degree was not clearly understood. Thus, a quantitative analysis is necessary to determine the appropriate virgin bitumen content and mixing parameters for the production of RAM. Since FTIR can be used to quantitatively detect the changes in chemical functional groups [24,25,26,27,28,29], FTIR and CTBN can be combined to directly and quantitatively investigate the blending degree of virgin and RAP binders in RAM with a high percentage of RAP. Accordingly, in this study, the characteristic absorption peaks of CTBN and bitumen were confirmed, and the reliability of using ICTBN to quantitatively analyze the blending degree of virgin and RAP binders was investigated. By establishing the standard curve between ICTBN and the CTBN content, the CTBN contents at different locations in RAM were explored, and by comparing the CTBN contents added into the virgin bitumen, the blending degree of virgin and RAP binders was accurately determined.




2. Materials and Methods


2.1. Materials


2.1.1. Mineral additives


Limestone was used as the mineral filler, and basalt was used as both the coarse aggregate and fine aggregate in this study. Virgin aggregate with a maximum grain size of 13.2 mm was used; the gradation is described in Table 1.




2.1.2. Bitumen


A bitumen sample with penetration grades A-70 provided by shell co ltd. (Foshan, Guangdong, China) was used in this study. The physical properties of the bitumen were shown in Table 2.




2.1.3. RAP


RAP was obtained from the surface layer of the Expressway. The bitumen content of the RAP is 5.0 wt. %, and the gradation of the RAP is described in Table 3.




2.1.4. Tracer


The tracer was required to be both compatible with the bitumen and distinguishable from the bitumen without affecting its characteristics. CTBN (Lanzhou Petrochemical Co., Ltd., Lanzhou, Gansu, China) was utilized as the tracer; the chemical formula of CTBN is shown in Figure 1. The density of CTBN is 0.950 g/cm3, which is nearly the same as that of bitumen. In addition, CTBN is highly compatible with bitumen and does not produce a chemical reaction.




2.1.5. The Virgin Asphalt Mixture


AC-13 graded asphalt mixture gradation was adopted for the virgin asphalt mixture; the aggregate gradation is described in Table 4. The optimum bitumen content is 5.1 wt. %.




2.1.6. RAM


In this study, the percentage of RAP in the RAM is 45 wt. %, and the same AC-13 graded asphalt mixture gradation (Table 4) used for the virgin asphalt mixture was adopted for the RAM. The optimum bitumen content is 5.1 wt. %. In addition, the RAP contained 5.0 wt. % asphalt.



Because the virgin aggregate particles were smaller than 13.2 mm, aggregate particles greater than 13.2 mm in size were selected as RAP aggregate particles, and FTIR samples were obtained at random locations. The RAP aggregate particle samples are collectively referred to as RAM samples hereafter.





2.2. FTIR Spectroscopy


A Vector 33 FTIR spectrometer and infrared microscope (Bruker, Ettlingen, Baden-Wutenberg State, Germany) were used for the analysis. Bitumen samples for the FTIR test were first heated by a thermal radiative lamp. The softened bitumen was then evenly poured onto KBr disks, and the FTIR tests were performed by the Vector 33 FTIR spectrometer. For the asphalt mixture, samples were scraped from the asphalt mixtures at randomly selected locations. The samples were taken using a microscope to obtain stratified samples accurately. Since the asphalt film thickness levels of asphalt mixtures are different in different locations, samples were scraped from outside to inside continuously until reaching the surface of the aggregate, and the scraped asphalt film samples were then evenly divided into three parts according to the sampling total depth. These parts were separated to the outer layer sample, the middle layer sample, and the inner layer sample. Because the depth of manual sampling is difficult to control accurately, multi-point sampling was used for statistical analysis to improve the representativeness of the stratified sampling. The sampling scheme is illustrated in Figure 2. The samples were placed on the microscope stage, and the infrared spectrum of each sample was obtained.





3. Results and Discussion


3.1. Characteristic Absorption Peaks


The infrared spectra of the CTBN, RAP and virgin bitumen simples are shown in Figure 3, where A indicates virgin bitumen, B indicates RAP, and C indicates CTBN. The peak at 966 cm−1 is attributed to the bending vibration of C–H in the double bonds of butadiene (–CH=CH–). The peak at approximately 1468 cm−1 corresponds to the bending vibration of the –CH2 group, whereas the peaks at 2855 cm−1 and 2926 cm−1 are ascribed to the symmetric and antisymmetric vibrations, respectively, of –CH2 groups [24,30].



In contrast to the characteristic absorption peaks of the virgin bitumen and RAP, the peaks at 1703 cm−1 and 2238 cm−1 represent the characteristic absorption peaks of CTBN. The peak at 2238 cm−1 is due to nitrile stretching vibrations, whereas the peak at 1703 cm−1 is ascribed to the stretch vibration of the carbonyl group; the infrared spectrum of CTBN coincides with its chemical equation [26]. Since carbonyl could also be produced during the aging process of bitumen, the peak at 2238 cm−1 was chosen as the characteristic peak of CTBN to analyze the blending degree of virgin and RAP binders [24,31].



The chemical formula of CTBN and the absorbance peaks in Figure 3 indicate that CTBN does not possess a –CH3 group, and the bond of the –CH3 vibrations is steady during the aging process [26]; therefore, the characteristic absorption peaks of the –CH3 group (at 2960 cm−1, 1460 cm−1 and 1375 cm−1) can be used to distinguish the bitumen from CTBN. Figure 4a displays the spectrum of RAP; the absorption peaks at 1460 cm−1 and 1375 cm−1 are obscured by the strong absorption peaks of the mineral powder and aggregate, indicating that the absorption peaks at 1460 cm−1 and 1375 cm−1 cannot be used as characteristic absorption peaks. Meanwhile, since the infrared spectrum of RAP (Figure 4b) exhibits a characteristic absorption peak at 2960 cm−1, which is attributed to the antisymmetric vibrations of –CH3 groups, the peak at 2960 cm−1 was chosen as the characteristic absorption peak of the bitumen.




3.2. Semi-Quantitative Analysis and Standard Curve


FTIR has mostly been used for semi-qualitative analysis to identify different kinds of chemical functional groups in bitumen [30,32]. In the previous research [23], the study utilized FTIR to qualitatively assess the blending state of virgin and RAP binders in RAM with a high percentage of RAP by counting the number of samples in which blending occurred. It was found that the virgin and RAP binders in the RAM did not fully blend; furthermore, the study indicated that the combined use of FTIR with a tracer constitutes a useful method for investigating the blending states of virgin and RAP binders. However, quantitative analysis used to directly investigate the actual blending degree of virgin and RAP binders in RAM with a high percentage of RAP is still lacking.



Considering that the absorption peak intensity is influenced by the thickness of the sample film covering the KBr table, the structural indices of the chemical functional groups were used to semi-quantitatively analyze the proportions of CTBN in the samples for the sake of avoiding any effects associated with the film thickness. Following Wang et al. [26], the structural indices considering the area of chemical functional groups can be calculated by the following equation:


ICTBN=A2238 cm−1A2960 cm−1



(1)




where ICTBN is the structural index of CTBN, A2238cm−1 is the absorbance area of nitrile stretching vibrations and A2960cm−1 is the absorbance area of the antisymmetric vibrations of –CH3 groups.



The software package Peakfit (v4.12, Systat Software Inc, San Jose, California, US) was utilized to fit the spectra of the FTIR samples to obtain the absorption peak areas of the chemical functional groups [33,34,35]. After applying a spectral baseline correction, the spectrum was smoothed by a Savitsk–Golay function and a second derivative was carried out. By fitting the spectrum with a Gaussian peak [36], the number and location of sub-peaks can be estimated roughly. After multiplex fitting, the residual reaches a minimum, and the absorption peak area of the sub-peaks can be obtained quantitatively, as shown in Figure 5.



To explore the reliability of ICTBN as a semi-quantitative analysis index for investigating the blending degree of virgin and RAP binders, the infrared spectra of virgin bitumen with 1 wt. %, 5 wt. % and 10 wt. % CTBN were tested to obtain the values of ICTBN. Correlation analysis and a one-way analysis of variance (one-way ANOVA) were performed to investigate whether the CTBN content had a significant effect on ICTBN. Each sample with a different CTBN content was measured three times. The data were analyzed to calculate the mean values (MV), standard deviations (SD) and coefficients of variation (CV) for each sample; the results are listed in Table 5.



Table 5 shows that the MV of ICTBN increased with an increase in the CTBN content, and the SD and CV results indicate that the CTBN was evenly distributed throughout the virgin bitumen. To analyze the relationship between ICTBN and the CTBN content, correlation analysis was performed; the results indicated that the correlation is 0.978 and that the p-value was <0.0001, which is lower than 0.05, indicating that the effect of the CTBN content on ICTBN is statistically significant.



In addition to correlation analysis, one-way ANOVA was performed using Tukey’s method of multiple comparisons to evaluate the effect of the CTBN content on ICTBN with a confidence interval of 95% (α = 0.05) [37,38,39]. The one-way ANOVA results are summarized in Table 6, and the multiple comparisons results are shown in Table 7.



The one-way ANOVA results in Table 6 display a p-value < 0.0001, which means that the effect of the CTBN content on ICTBN is statistically significant. According to multiple comparisons, for each pair of CTBN content groups, if the confidence interval of their mean difference excludes zero, the two CTBN content groups are significantly different; otherwise, the two CTBN content groups are not significantly different. As shown in Table 7, all 95% confidence intervals of the ICTBN differences exclude zero, indicating that each pair of ICTBN values is significantly different and that the CTBN content significantly affects the ICTBN of the virgin bitumen.



Considering that the motivation of this study is to explore the blending degree of virgin and RAP binders in RAM and that the mineral powder and aggregate have significant effects on the absorption peak area (as shown in Figure 3), the virgin AC-13 asphalt mixtures, to which virgin bitumen with 1 wt. %, 5 wt. %, 10 wt. %, and 15 wt. % CTBN were added, were tested by FTIR. FTIR samples were scraped from the virgin asphalt mixtures at randomly selected locations, and each kind of virgin asphalt mixture with a different CTBN content was measured three times; the outer, middle, and inner layers of each sample were each measured once at a certain point. The data were analyzed to calculate the MV, SD and CV of each sample, and the results are listed in Table 8. The SD and CV data indicate that CTBN was evenly distributed throughout the virgin asphalt mixtures. Meanwhile, one-way ANOVA was performed using Tukey’s method of multiple comparisons with a confidence interval of 95% (α = 0.05). The one-way ANOVA results of the virgin asphalt mixtures are summarized in Table 9, and the multiple comparisons results of these mixtures are shown in Table 10.



The one-way ANOVA results in Table 9 display a p-value < 0.0001, which means that the effect of the CTBN content on ICTBN is statistically significant. Table 10 shows that all 95% confidence intervals of the ICTBN differences exclude zero, indicating that each pair of ICTBN values is significantly different and that the CTBN content significantly affects the ICTBN of an asphalt mixture. The correlation analysis and one-way ANOVA results indicate that the use of ICTBN as a quantitative analysis index to investigate the blending degree of virgin and RAP binders is reliable.



According to Lambert–Beer’s law, ICTBN is directly proportional to the CTBN content; moreover, the abovementioned analysis indicated that the CTBN content has a significant effect on ICTBN. Therefore, the CTBN contents and ICTBN values of the asphalt mixtures were fitted by linear regression to establish a standard curve, as shown in Figure 6. The infrared spectra of the RAM with certain proportions of CTBN were examined to calculate the ICTBN values at different locations of RAP in the RAM, after which the CTBN contents were obtained by fitting the standard curve quantitatively.




3.3. Blending Degree of the Virgin and RAP Binders in RAM


The addition of large proportions of CTBN to virgin bitumen could affect the performance of RAM, while the lack of CTBN could result in a large CV of ICTBN; consequently, the chosen CTBN content of the virgin bitumen used in the RAM was 5 wt. %. Since the virgin aggregate particles were smaller than 13.2 mm, aggregate particles exceeding 13.2 mm in size were selected as RAP, and three RAP specimens were selected randomly. Three locations were selected randomly from each specimen, and three RAP FTIR samples were taken from different depths at each location; subsequently, the spectra of the samples were measured by FTIR microscopy.



The areas of the absorption peaks associated with nitrile stretching vibrations and the antisymmetric vibrations of -CH3 groups were analyzed with the Peakfit software, and the ICTBN values were calculated by Equation (1). Meanwhile, according to the standard curve (Figure 6), the CTBN contents at different RAP depths were obtained, and the results are shown in Figure 7.



Figure 7 shows that CTBN was present at different depths within the RAP films in the RAM, but the CTBN content decreased with an increase in the depth. This finding indicates that the virgin bitumen blended with the RAP binder in the RAM, but the percentage of virgin bitumen decreased gradually with an increase in the depth. Since the CTBN content in the virgin bitumen was 5 wt. %, the percentages of virgin bitumen at different RAP depths in the RAM were quantitatively acquired by comparing the CTBN contents of RAP specimens with 5 wt. %, as shown in Figure 8. Because the proportion of RAP in the RAM was 45 wt. %, the optimum bitumen content was 5.1 wt. %; in addition, the RAP contained 5.0 wt. % bitumen. Hence, the virgin bitumen ratio at any point in the RAM was 55.88% when the virgin bitumen and RAP binder were completely blended.



Figure 8 shows that the virgin bitumen percentage in the outer RAP layer was higher than that found in the case of complete blending (55.88%), indicating that the RAP film was wrapped by the virgin bitumen and that the RAP binder was completely blended with the virgin bitumen. With an increase in the RAP film depth, the percentage of virgin bitumen in the RAP decreased. The virgin bitumen percentage in the middle RAP layer was slightly lower than that in the case of complete blending, which indicates that the virgin and RAP binders were not completely blended, but were still blended relatively well. Meanwhile, although some virgin bitumen contributed to the blending of the virgin and RAP binders within the inner layer of the RAP film, the percentage of virgin bitumen was only approximately half of that in the case of complete blending. This means that the blending degree of virgin and RAP binders was very low, and the inner layer of the RAP film was mainly composed of the RAP binder. These results suggest that the blending of virgin and RAP binders occurs in RAM with high percentages of RAP, but this blending is incomplete. Although the virgin and RAP binders did completely blend together within the outer layer of the RAP film, the blending degree decreased with an increase in the depth of the RAP film. In summary, the virgin and RAP binders did not effectively blend, and the blending degree was relatively low within the inner layer of the RAP film, which may significantly affect the pavement performance of the RAM.



This study proposes a method for quantitatively analyzing the effective bitumen content of RAP and the blending degree of virgin and RAP binders in RAM. By quantitatively evaluating the blending degree of virgin and RAP binders in RAM, the influences of the recycling agent, mixing temperature, mixing time, and other parameters on the performance of RAM can be evaluated more directly and effectively. Furthermore, the findings discussed herein can be used for the development of a more targeted design and production process of RAM to improve the pavement performance of RAM. Considering that different types of bitumen have an effect on the blending degree of virgin and RAP binders, other types of bitumen would be used to develop the same experimental program. Polymer-modified asphalt binders, such as SBS-modified binder, tire-rubber modified binder, aging modified binder, and so on, are more complex in comparison with the neat binder, also the blending degree is more variable than the pure asphalt binder. Since the viscosity of SBS-modified binder is higher than base bitumen, if SBS-modified binder is utilized in this experimental program, the blending degree of virgin and RAP binders will decrease, the viscosity of bitumen has a significant effect on the blending degree [40,41,42,43]. Additional research will be conducted to explore the influences of different bitumen contents and mixing parameters on the blending degree of virgin and RAP binders in RAM, thereby increasing the proportion of RAP in RAM.





4. Conclusions


This study confirmed the characteristic absorption peaks of CTBN and bitumen by using FTIR spectroscopy. The ICTBN was calculated semi-quantitatively and one-way ANOVA was performed to investigate the reliability of ICTBN. By establishing the standard curve between ICTBN and the CTBN content, the blending degree of virgin and RAP binders at different locations of RAM were determined quantitatively. Based on the experimental results and analysis, the following findings were obtained:



The CTBN content has a significant effect on ICTBN. Moreover, a linear relationship exists between the CTBN content and ICTBN which could be used to quantitatively investigate the CTBN contents at different locations of RAP in RAM and to explore the blending degree of virgin and RAP binders in RAM.



It was shown that virgin and RAP binders blend within the different layers of RAP in RAM with high RAP contents, but the blending degree is not uniform; rather, the blending degree decreases with an increase in the RAP film depth. Furthermore, the virgin bitumen percentage in the outer RAP layer mostly reaches 90%, which was higher than that in the case of complete blending (55.88%), and the RAP binder completely blends with the virgin bitumen. Meanwhile, the virgin bitumen percentages in the inner RAP layer are much lower than 55.88%, while the blending degree of virgin and RAP binders in the inner layer is less than half of that in the case of complete blending.
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Figure 1. The chemical formula of CTBN. 
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Figure 2. Illustration of the sampling of aggregate particles for Fourier transform infrared (FTIR) analysis. 
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Figure 3. Infrared spectra of the virgin bitumen, reclaimed asphalt pavement (RAP), and carboxyl-terminated butadiene acrylonitrile (CTBN): (A) is virgin bitumen, (B) is RAP, and (C) is CTBN. 
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Figure 4. The infrared spectrum of RAP: (a) Whole; (b) Partial. 
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Figure 5. Characteristic absorption peak area at: (a) 2238 cm−1; (b) 2960 cm−1. 
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Figure 6. The standard curve. 
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Figure 7. CTBN contents at different RAP depths: (a) RAP specimen 1; (b) RAP specimen 2; and (c) RAP specimen 3. 
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Figure 8. Percentages of virgin bitumen at different depths of RAP in the recycled asphalt mixtures (RAM): (a) RAP specimen 1; (b) RAP specimen 2; and (c) RAP specimen 3. 
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Table 1. Virgin aggregate gradation.
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	Sieve Size (mm)
	13.2
	9.5
	4.75
	2.36
	1.18
	0.6
	0.3
	0.15
	0.075



	Passing (%)
	100
	97.2
	64.8
	49.5
	33.4
	27.3
	18.5
	11.2
	6.3
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Table 2. Physical properties of A-70 bitumen.
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	Sample
	Penetration (0.1 mm)
	Softening Point (°C)
	Ductility (cm)





	A-70 bitumen
	78
	52.3
	104
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Table 3. RAP aggregate gradation.
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	Sieve Size (mm)
	16
	13.2
	9.5
	4.75
	2.36
	1.18
	0.6
	0.3
	0.15
	0.075



	Passing (%)
	100
	96.3
	76.1
	42.9
	30.4
	22.9
	18.7
	13.5
	10.8
	7.4
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Table 4. AC-13 aggregate gradation.
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	Sieve Size (mm)
	16
	13.2
	9.5
	4.75
	2.36
	1.18
	0.6
	0.3
	0.15
	0.075



	Passing (%)
	100
	95.2
	76.5
	53.2
	37.5
	26.5
	17.3
	12.1
	8.9
	5.6
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Table 5. CTBN indices of the virgin bitumen with different CTBN contents.
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CTBN Content

	
ICTBN




	
MV

	
SD

	
CV






	
1 wt. %

	
0.404

	
0.028

	
0.069




	
5 wt. %

	
1.634

	
0.101

	
0.062




	
10 wt. %

	
4.638

	
0.262

	
0.056
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Table 6. The values of the one-way ANOVA analysis of ICTBN for the virgin bitumen.
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	Source of Variation
	Sum of Squares
	Degrees of Freedom
	Mean Square
	F Ratio
	p-Value





	Between groups
	28.472
	2
	14.236
	537.381
	<0.0001



	Within groups
	0.159
	6
	0.026
	--
	--



	Total
	28.631
	8
	--
	--
	--
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Table 7. Multiple comparison results for the mean value of ICTBN for the virgin bitumen.
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Factor and Level Combination (CTBN Content/ wt. %)

	
MV

	
Difference between MV

	
Confidence Interval

	
Significant or Not?




	
Lower Limit

	
Upper Limit






	
11)

	
0.404

	
--

	
--

	
--

	
--




	
5

	
1.634

	
−1.230

	
−1.638

	
−0.822

	
Y




	
10

	
4.638

	
−4.235

	
−4.642

	
−3.827

	
Y




	
52)

	
1.634

	
--

	
--

	
--

	
--




	
1

	
0.404

	
1.230

	
0.822

	
1.638

	
Y




	
10

	
4.638

	
−3.005

	
−3.412

	
−2.597

	
Y




	
103)

	
4.638

	
--

	
--

	
--

	
--




	
1

	
0.404

	
4.235

	
3.827

	
4.642

	
Y




	
5

	
1.634

	
3.005

	
2.597

	
3.412

	
Y








1) Comparison between the virgin bitumen with 1 wt. % CTBN and those with 5 wt. % and 10 wt. % CTBN in terms of the mean value of ICTBN; 2) comparison between the virgin bitumen with 5 wt. % CTBN and those with 1 wt. % and 10 wt. % CTBN in terms of the mean value of ICTBN; 3) comparison between the virgin bitumen with 10 wt. % CTBN and those with 1 wt. % and 5 wt. % CTBN in terms of the mean value of ICTBN.
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