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Abstract

:

The interfacial bonding capacity between cement emulsified asphalt composite binder (CEACB) and reclaimed asphalt pavement (RAP) plays a critical role in improving the pavement performance of cold recycled asphalt emulsion mixtures (CRAEMs). This study aims to investigate the formation and development of the interfacial bonding capacity between CEACB and RAP. First, the dynamic wettability and the spreading behaviors of CEACB on RAP surfaces were explored according to the surface free energy theory. Second, digital image processing (DIP) technology was employed to recognize interfacial failure patterns. Lastly, the influence of internal and external factors on the interfacial bonding capacity between CEACB and RAP during the curing process was analyzed via grey relational analysis (GRA). The results indicate that a moderate cement content with a mass ratio of asphalt to cement equivalent to 1.0 can significantly enhance the wettability of CEACB on RAP surfaces. By appropriately prolonging the curing time and controlling the curing temperature, it is possible to increase the bonding strength between CEACB and RAP. Additionally, a strong correlation exists between initial wettability and ultimate bonding capacity during the bonding strength curing process. The good wettability that developed in the initial stage of interfacial strength formation relates to the decreased spalling rate of CEACB on the RAP surface. This study is not only devoted to understanding the mechanisms that can enhance CRAEM performance but also provides important guidance for practical engineering applications of cold recycled asphalt pavements.
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1. Introduction


In response to the sustainable development goals emphasizing energy conservation and emission reduction, cold recycling technology for asphalt pavement has emerged as a focus in the field of pavement engineering [1,2]. Specifically, emulsified asphalt cold recycling technology has attracted extensive attention due to numerous environmental advantages such as low-temperature construction, low carbon dioxide emissions, and its high utilization of reclaimed asphalt pavement (RAP) [3,4,5,6]. Nevertheless, the existence of aged asphalt films on RAP surfaces affects the demulsification rate of emulsified asphalt, leading to insufficient initial bonding strength between RAP and emulsified asphalt, which impedes the developmental processes relating to the strength of cold recycled asphalt emulsion mixtures (CRAEMs) [7]. Actually, cement emulsified asphalt composite binder (CEACB) added to cement with additives would effectively and significantly enhance the initial strength of CRAEM compared with the use of emulsified asphalt binder alone [8]. Oruc et al. [9] applied a series of laboratory tests to evaluate material characteristics such as creep, water damage, strength, etc., and demonstrated that the addition of cement could significantly improve the mechanical properties of emulsified asphalt mixtures. Rutherford et al. [10] conducted an extensive investigation on the mechanical properties of CEACB through the use of compressive tests, relaxation tests, and microstructural analysis, which indicated that CEACB, with the characteristic rigidity of cement and flexibility of asphalt, could exert a substantial impact on the pavement performance of CRAEMs. Therefore, it is believed that the strength development of CRAEMs not only depends on the properties of the key component—CEACB—but is also closely related to the interface bonding properties between CEACB and RAP.



Generally, the interface between CEACB and RAP pertains to a minuscule yet potentially vulnerable area in CRAEMs, which is directly related to the strength formation and development of CRAEMs [11]. Currently, various theories are employed to explain the interfacial bonding mechanisms between CEACB and RAP, including weak boundary theory [12], chemical reaction theory [13], mechanical theory [14], surface energy theory [15], and electrostatic theory [16]. It is noteworthy that surface energy theory has gained prominence in explaining the interfacial bonding capacity between asphalt binders and aggregates. According to surface energy theory, good wettability means that a CEACB could coat a larger area of RAP more quickly, thereby enhancing the ultimate bonding capability [17,18]. Researchers have made significant progress in identifying the influencing factors of wettability and evaluation methods [19]. For instance, Fang et al. [20] employed surface energy theory to investigate the wetting behavior at the interface between rejuvenators and aged asphalt, which indicated that elevated temperatures and prolonged times could enhance the diffusion of the rejuvenator into the interface, consequently resulting in improved wettability. Moreover, by analyzing time-dependent changes in relation to the contact angle, Qin et al. [21] assessed the dynamic wettability of asphalt on aggregates and proposed that the utilization of a correlation function can effectively describe the wettability between asphalt and aggregates. Consequently, previous studies have shown that favorable wettability expands the bonding area of a CEACB on the RAP surface, expediting the interface fusion process and ultimately leading to increased bonding strength [7,22,23]. The quantitative characterization of the early wettability is crucial to the formation and development of the strength of the mixture.



Meanwhile, quantitative assessments of the bonding capacity between CEACB and RAP are of paramount significance in obtaining a deeper understanding of their formation and development behavior. Conventional techniques for evaluating bonding capacity, such as the boiling method [24], the shear test method [25], and the photoelectric colorimetric method [26], have been observed to possess certain constraints in terms of their application. Nevertheless, the binder bond strength (BBS) test has garnered significant attention owing to its objectivity and advantages in offering a direct, rapid, and precise evaluation [27]. Huang et al. [28] advocated the for the use of the BBS test as a superior method for assessing the bonding strength between asphalt and subgrade, emphasizing its heightened reliability in comparison to other testing approaches. Lu et al. [29] reaffirmed the efficacy and simplicity of utilizing the BBS test for efficiently determining the bond strength of asphalt binders. In an effort to further validate the effectiveness of the BBS test, Moraes et al. [30] compared its results with an enhanced dynamic shear rheometer strain sweep test, revealing that the BBS test demonstrated repeatability and reproducibility. Previous research has predominantly focused on the mechanical assessment of interfacial bonding strength; nevertheless, the influence of initial wettability on the ultimate interfacial bonding capacity between CEACB and RAP lacks systematic investigation. Therefore, conducting a comprehensive exploration with the perspective of the whole process of formation and development of interfacial bonding capacity is advantageous for comprehending the behaviors of strength evolution and failure of CRAEMs.



In addition, the analysis of interface failure patterns, including cohesive and adhesive failures, reflects the bonding capacity between CEACB and RAP to some extent. It is also significantly important to implement targeted measures to enhance the spall resistance performance of CRAEMs. With continual advancements in digital image processing (DIP) techniques, the quantification of image morphology has been widely applied in the field of road engineering to characterize and explain material features [31,32]. Ye et al. [33] and Yin et al. [34] employed quantitative image analysis to characterize the distribution of SBS in asphalt binders. Ye et al. [35] and Yuan et al. [36] used quantitative image analysis to reveal the effect of naphthenic oil as an additive on the structure of an SBS-modified asphalt binder. Rui et al. [37] found that digital imaging-assisted tests can greatly improve the assessment accuracy of hot-mix asphalt moisture damage. Alayat et al. [38] proposed a crack detection technique utilizing digital image processing in MATLAB, demonstrating its effectiveness in accurately estimating pavement dimensions and area, even under challenging surface conditions, by successfully eliminating undesired objects from the images. By employing digital image processing techniques, Yue et al. [32] conducted a quantitative analysis of the distribution, shape, and orientation of coarse aggregates in AC mixtures, which revealed that grading the cross-sectional area of aggregates based on Feret diameter reliably predicts the sieve grading of coarse aggregates used in AC mixtures. These studies have important reference value for quantifying the image results obtained from BBS experiments and identifying the interface failure patterns occurring between CEACB and RAP. Therefore, the application of innovative image processing techniques will be necessary to facilitate a comprehensive and precise evaluation of their bonding capacity.



As mentioned above, it is crucial to conduct a comprehensive exploration with the perspective of the whole formation and development process of interfacial bonding capacity. However, due to numerous influencing factors in construction, determining the extent of influence of each factor on material properties and making targeted improvements according to actual needs is challenging. Building upon the investigation of initial wettability behavior and quantifying the bonding capacity, this paper explores the influence of environmental parameters and the composition of CEACB on its ultimate bonding capacity. Specifically, this study aims to achieve the following:




	(1)

	
Reveal the dynamic wettability and spreading behavior of CEACB on RAP surfaces based on contact angle and surface free energy tests.




	(2)

	
Establish a visible evaluation method to explore the interfacial failure patterns between CEACB and RAP with the application of DIP.




	(3)

	
Conduct grey relational analysis to quantitatively evaluate the impact of cement content, curing temperature, and curing time on the ultimate interfacial bonding capacity.









This study contributes to enhancing the performance of CRAEMs and facilitating the widespread application of cold reclaimed asphalt pavement to fulfill sustainable development objectives.




2. Materials and Methods


2.1. Materials


Slow-setting cationic emulsified asphalt with a 60% solid content and ordinary Portland cement graded at 42.5 MPa (PO·42.5) were used to prepare the CEACB. Table 1 presents the essential properties of the emulsified asphalt, which were measured in accordance with several related ASTM specifications. The chemical composition analysis of the cement was conducted using an X-ray spectrometer (D8 Advance, Bruker AXS, Karlsruhe, Germany), and the results are provided in Table 2.




2.2. Samples Preparation


2.2.1. CEACB


While preparing CEACB, a blend of cement, emulsified asphalt, water, and a range of additives, including organic silicon defoamer and polycarboxylate superplasticizer, were employed to fulfill specific requirements [44]. The CEACB was established with asphalt-to-cement (A/C) mass ratios of 0.6, 1.0, and 1.4, respectively. To ensure uniform dispersion and eliminate bubbles, a defoamer was added at a concentration of 0.3%, along with the incorporation of a superplasticizer at a ratio of 2% relative to the total mass. The preparation process primarily includes the following steps: At first, the cement was slowly introduced and mixed at low speed for 30 s after thoroughly mixing additional water, defoamer, and superplasticizer. Subsequently, emulsified asphalt was introduced and agitated for 3 min at 120 rpm, followed by an additional 1 min mixing at 60 rpm to eliminate larger bubbles. After achieving uniform mixing of all components, the specimens were transferred to a humidity chamber set at a consistent temperature of 25 °C and a relative humidity of 65%.




2.2.2. Artificial RAP Substrate


The aged asphalt utilized for the experiments originated from the RAP of the Jinhua section within Zhejiang Province, China, which is part of the Shanghai–Kunming Expressway. This specific road segment had been in service for a duration exceeding eight years. An automatic asphalt analyzer (PAVELAB50, CONTROLS, Milan, Italy) was utilized to extract the RAP. Subsequently, the aging asphalt solution was recovered via the Abson method to obtain the aged asphalt.



For precise emulation of the RAP, a consistent and fine layer of aged asphalt film was meticulously applied to the surface of a basalt aggregate in this research. This procedure facilitated a direct evaluation of the bonding capacity between CEACB and RAP through the binder bond strength (BBS) test. The surface coating methodology used for the basalt aggregate involved the following steps:




	(1)

	
Select a smooth and uniform basalt substrate with a consistent surface roughness and ensure that the coating equipment is preheated to 135 °C.




	(2)

	
Heat the aged asphalt to 160 °C for complete fluidity assurance.




	(3)

	
Apply a small quantity of aged asphalt at a temperature of 135 °C onto a designated area, swiftly spreading it out using a scraper to form a uniform film over the surface of the basalt aggregate.




	(4)

	
The subsequent experiments were conducted using cooled product, allowing it to reach equilibrium with room temperature, as illustrated in Figure 1.











2.3. Test Methods


2.3.1. Contact Angle Test


Optical contact angle apparatus (FCA2000A1, Shanghai, China) was utilized to assess the interfacial wetting properties between CEACB and RAP considering A/C ratios of 0.6, 1.0, and 1.4. During the measurements, CEACB was dropped onto the artificial RAP substrate using syringes, and the contact angle was recorded every two seconds over a 50 s duration. The optical contact angle apparatus is shown in Figure 2.




2.3.2. Binder Bond Strength Test


The assessment of the interfacial bonding strength between the CEACB and RAP was conducted using the binder bond strength (BBS) test, commonly referred to as the drawing test. The BBS test was conducted using automatic equipment (Posi Test AT-A, DeFelsko, West Chester, PA, USA), as illustrated in Figure 3.



To account for the significant influence of the thickness of the asphalt film on the interface bonding force, a customized groove with a depth of 0.2 cm and a supporting ring with a bottom edge width of 1 mm were employed in this study. The test specimen consisted of a spindle with a uniformly rough surface at the bottom of the groove to ensure consistent asphalt distribution within it. The experimental principles of the BBS test equipment are visually depicted in Figure 4.



The primary operational steps of the BBS test are listed as follows:




	(1)

	
Place silicone molds with a thickness of 2 mm and a diameter of 11 mm onto an artificial RAP substrate to stabilize it.




	(2)

	
Extract a sufficient amount of CAECB with different A/C ratios using droppers and evenly distribute them at the center of the silicone molds to form convex droplets. Swiftly position the heated spindles onto the CEACB confined within the silicone molds, adjust their positions to press into the molds, and eliminate any excess CEACB, as shown in Figure 5.




	(3)

	
Apply a uniform and constant load to the spindles using slates. Then, subject them to curing at temperatures of 25 °C and 40 °C for periods of 1 and 3 days, respectively.




	(4)

	
Draw out the samples after undergoing different curing temperatures and curing times. Attach the spindles to the drawing short column through adjustments, gradually applying tensile force to the spindles at a loading rate of 0.7 MPa/s. Continuously monitor changes in the display and image until failure occurs. The failure pressure measurements are converted into Pull-Off Tensile Strength (POTS) for record-keeping purposes. The POTS is calculated based on the maximum display load, instrument calibration data, and original stress surface area.











2.4. Theoretical Methods


2.4.1. Surface Free Energy


Surface free energy is a parameter that characterizes the interaction between a solid surface and a liquid, emphasizing the wetting and bonding tendencies of the liquid towards the solid surface. During the bonding process between CEACB and artificial RAP substrate, there exists a three-phase contact involving the liquid, gas, and solid, resulting in the elimination of individual gas–liquid and gas–solid interfaces while giving rise to a unified solid–liquid interface.



The quantitative evaluation of the mutual attraction between the liquid and solid, as well as the wetting of the liquid on the solid surface, can be determined by calculating   Δ G   (negative change in surface free energy) at this interface segment, as expressed in Equation (1).


  Δ G =   γ   s − g   +   γ   l − g   −   γ   s − l    



(1)




where   Δ G   represents the change in surface free energy at the liquid–solid interface,     γ   s − l     represents the solid–liquid surface free energy,     γ   l − g     represents the liquid–gas surface free energy, and     γ   s − g     represents the solid–gas surface free energy. The intuitive distribution of variables is shown in Figure 6.



In liquid substances, surface energy is often used interchangeably with surface tension. Although there are subtle distinctions between surface energy and surface tension according to the theory of thermodynamics, in practical usage, these terms are frequently utilized synonymously [45].



By substituting Young’s equation [46,47] (Equation (2)) into the calculation, Equation (3) is obtained, which indicates that calculating   Δ G   requires the determination of both the surface tension of CEACB and the contact angle between CEACB and the artificial RAP substrate:


    γ   s − g   −   γ   s − l   =   γ   l − g     cos  ⁡  θ    



(2)






  ∆ G =   γ   l − g     1 +   cos  ⁡  θ      



(3)




where     cos  ⁡  θ     represents the contact angle formed between a liquid droplet and a solid surface.



The surface tension of CEACB was measured using the pendant drop method. An injector needle with an outside diameter of 0.8 mm was employed to generate a pendant drop, which experienced deformation as the drop weight increased. The resulting droplet state image was captured using optical contact angle apparatus and analyzed with CAD (2016) software to obtain the necessary data for surface tension calculation based on Young’s equation (Equation (2)). Both schematic and experimental illustrations of this process are depicted in Figure 7.



Utilizing the Young–Laplace equation and establishing a correlation between pressure variance inside and outside a droplet, surface tension, and curvature radius, CEACB droplets can be precisely positioned at the tip of a capillary tube and arranged in symmetrical two-dimensional coordinates about the Y-axis. The lower part of the droplet is tangential to the X-axis, while its shape can be accurately characterized by the coordinates A(x,y) on the plane.



When the gravity of a droplet is balanced by its surface tension, the following equilibrium equation can be obtained, as shown in Equation (4):


  Δ   P   o   − Δ   P   A   = Δ ρ ⋅ g ⋅ y  



(4)




where     ∆ P   o     represents the pressure differential between inside and outside the droplet at vertex   O  ,     ∆ P   A     represents the pressure difference inside and outside the droplet at point A, and   g   is the acceleration of gravity, taken as 9.8 m/s2; assuming that the droplet contour is symmetric about the Y-axis, the curvature at vertex   O   is isotropic. By combining Equation (4) and analyzing the curvature of point A (  x  ,   y  ) geometrically, the following Equation (5) can be obtained:


    d φ   d l   = 2   k   o   −   y ⋅ Δ ρ ⋅ g     γ   l − g     −     sin  ⁡  φ     x    



(5)




where     k   o     is the curvature at vertex   O  ,   l   is the arc length of the droplet contour,   φ   is the angle between the tangent line at point A and the X-axis,   x   and   y   are coordinate values,   Δ ρ   is the density difference, uniformly approximated as 0.39 kg/m3, and     γ   l − g     is the surface tension.



In order to better solve the problem,   x  ,   y  ,   l  , and     k   o     are all defined in non-dimensional forms, as illustrated in Equation (6).


  X =   x   a   ; Y =   y   a   ; L =   l   a   ; B =   1   a ⋅   k   o     ; a =      γ   l − g     Δ ρ ⋅ g     



(6)







Since   X   =   Y   =   L   =   φ   =   0   at vertex   O  , the following can be obtained:


      sin  ⁡  φ     x   =   1   B    



(7)







By Equation (6), the following can be obtained:


    γ   l − g   =   a   2   ⋅ Δ ρ ⋅ g ;   a =   1   B ⋅   k   o      



(8)







By Equation (7), the following can be obtained:


  B =   x     sin  ⁡  φ      



(9)







By combining Equations (8) and (9), the surface tension calculation formula can be obtained as follows:


    γ   l − g   =         sin  ⁡  φ       2       x   2   ⋅     k   o     2     ⋅ Δ ρ ⋅ g =         sin  ⁡  φ       2   ⋅     R   o     2       x   2     ⋅ Δ ρ ⋅ g  



(10)







By employing CAD software to analyze the images, the radius of curvature     R   o    , angle   φ  , and intercept   x   of the cement emulsified asphalt composite binder fluid with different A/C ratios can be obtained. Substituting these values into Equation (8) enables the calculation of the surface tension.




2.4.2. Grey Relational Analysis


Grey relational analysis (GRA) was employed to investigate the wettability of CEACB before curing and its correlation with environmental factors during the curing process, as well as its influence on the bonding capacity between CEACB and the artificial RAP substrate. GRA proves to be a robust methodology for analyzing intricate relationships among multiple parameters. The analysis comprises three main stages: data pre-processing, the computation of grey relational coefficients, and the derivation of grey relational grades.



Consider     x   0     0     ( k )   as the reference sequence and     x   i     0     ( k )   as the comparative sequence within the framework of GRA. Equation (11) mathematically represents the original data series     X   ( 0 )   ( k )  .


    X     0       k   =        x   0     0       k         x   i     0       k        =           x   0     0       1       x   0     0       2         x   1     0       1       x   1     0       2           ⋯     x   0     0       n       ⋯     x   1     0       n               x   2     0       1       x   2     0       2          ⋮       x   m     0       1           ⋮       x   m     0       2              ⋯     x   2     0       n          ⋮     ⋯         ⋮       x   m     0       n               



(11)




where i ranges from 1 to m, representing the factors, and k ranges from 1 to n, representing the data items.



	(1)

	
Data pre-processing







The original sequences underwent data pre-processing to standardize them for comparative analysis. In this study, a widely accepted normalization approach was utilized, which involves dividing each value in the original sequence by its initial value. This normalization process is illustrated in Equations (12) and (13).


    x   0   ∗   =     x   0     0       k       x   0     0       1      



(12)






    x   i   ∗   =     x   i     0       k       x   i     0       1      



(13)




where     x   0   ∗     represents the reference sequences and     x   i   ∗     signifies the comparative sequences post data pre-processing.



	(2)

	
Grey relational coefficient







After completing data pre-processing, grey relational coefficients are computed from the normalized sequences to evaluate the correlation between the reference and comparative sequences. The computation of the grey relational coefficient is performed using Equation (14):


    γ   0 i     k   =     ∆   m i n   +   ξ Δ   m a x       Δ   0 i     k   +   ξ Δ   m a x      



(14)




where     γ   0 i   ( k )   represents the grey relational coefficient between     x   0   ∗   ( k )   and     x   i   ∗   ( k )  .     Δ   0 i   ( k )   denotes the deviation sequence of     x   0   ∗   ( k )   and     x   i   ∗   ( k )  , which is computed as     Δ   0 i   ( k ) =     x   0   ∗     k   −   x   i   ∗   ( k )    . Additionally,     ∆   m i n     stands for the minimum value of     Δ   0 i   ( k )   across all i and k, while     ∆   m a x     signifies the maximum value of     Δ   0 i   ( k )   across all i and k. The distinguishing coefficient   ξ  , often set at 0.5, falls within the range of     0,1    .



	(3)

	
Grey relational grade







After calculating the grey relational coefficient, the resulting grey relational grade     Γ   0 i     is computed using Equation (15). A higher value of this grade indicates a stronger correlation between the reference sequence and its respective comparative sequence.


    Γ   0 i   =   1   n     ∑  k  = 1    n      γ   0 i   ( k )    



(15)










3. Results and Discussion


3.1. Initial Wettability of CEACB on RAP Surface


3.1.1. Initial Wettability Analysis Based on Contact Angle


The evolution of the contact angle over time between the emulsified asphalt, three distinct groups of CEACBs with varying A/C ratios, and the aged asphalt film on the artificial RAP surface is illustrated in Figure 8. As time progresses, there is a gradual and consistent decrease in the contact angle between the emulsified asphalt and the surface of the artificial RAP substrate, eventually reaching equilibrium. However, stage characteristics can be observed in the variations of contact angles between the CEACBs and the artificial RAP substrate:




	(1)

	
Rapid wetting stage (0–5 s): during this initial stage, the contact angle of the CEACBs with varying A/C ratios exhibited a rapid decrease.




	(2)

	
Gradual wetting stage (5–35 s): subsequently, the rate of contact angle reduction slows down, and the curve tends to flatten.




	(3)

	
Equilibrium wetting stage (beyond 35 s): in the final stage, the contact angle continued to decrease extremely slowly until reaching an equilibrium value, typically occurring around 45 s.









The results indicate that the addition of cement significantly affects the initial wettability of CEACBs, showing distinct phase characteristics compared to emulsified asphalt. For CEACBs, during the initial wetting stage, the incorporation of cement reduces their surface tension, leading to a notable decrease in the contact angle and facilitating rapid wetting and diffusion. As the duration of wetting increases, the change in contact angle gradually decreases, indicating a trend toward stability in the interaction between cement and emulsified asphalt. Eventually, with continuous wetting, the contact angle progressively decreases until it reaches an equilibrium state resembling Young’s contact angle. The overall impact on the wettability of CEACB is influenced by various factors, such as cement hydration heat release, the generation of hydration products, and the interaction between cement and asphalt.



Comparing the variations in the contact angles of CEACBs under three different A/C ratios reveals that the CEACBs demonstrate the highest contact angles at an A/C ratio of 0.6, followed by 1.4 and 1.0, respectively. At an A/C ratio of 0.6, the CEACB exhibits a significantly larger contact angle compared to that of the emulsified asphalt. Excessive cement content can lead to the partial agglomeration of cement particles, hinder cement hydration, reduce the flowability of CEACBs, and result in unfavorable wetting effects. When the A/C ratio is 1.4, the contact angle between the CEACB and emulsified asphalt approaches equilibrium around 35 s following their intersection. A lower cement content makes its surface susceptible to being enveloped by the demulsified asphalt, leading to a certain degree of inhibition in terms of hydration reaction. Under an A/C ratio of 1.0, it was observed that the contact angle for CEACB consistently remained lower than that of emulsified asphalt, which indicates that maintaining an appropriate level of cement content promotes favorable interactions between cement and emulsion. This process accelerates heat release during cement hydration, while concurrently reducing the surface tension of CEACB and resulting in a more significant reduction in contact angle.



To further evaluate the influence of cement content on the dynamic wettability of CEACB on the aged asphalt film surface, logarithmic transformation was applied to three sets of CEACB contact angles, followed by function fitting. The fitting results are presented in Figure 9 using the linear function form   Y = k X + b  , where parameter ‘  b  ’ signifies the initial contact angle of CEACB on the aged asphalt surface, and parameter ‘  k  ’ reflects the rate of change in the contact angle [21]. The absolute value of ‘  k  ’ is used to represent the diffusion coefficient, with a larger coefficient indicating a faster wetting speed. The correlation coefficient R2 was employed as an indicator to evaluate fitting quality, with values closer to 1 signifying higher accuracy in fitting. All three sets of fitted functions exhibit a correlation coefficient exceeding 0.85, showcasing the model’s capability to precisely assess the rate at which CEACB’s contact angle varies during wettability on the aged asphalt surfaces.



As shown in Figure 9, the diffusion coefficients of CEACBs at the A/C ratios of 1.4 and 1.0 are 0.0526 and 0.0523, respectively, ranking first and second. This indicates a higher rate of change in contact angle and improved wettability and spreading behavior of CEACBs on the aged asphalt surface. When the A/C ratio is 0.6, the diffusion coefficient reaches its minimum value of only 0.0323, which is lower than that of pure emulsified asphalt (0.0472). This suggests that excessive cement content can lead to the partial agglomeration of cement particles, hindering hydration reactions. Additionally, inadequate heat generation from hydration also hampers the demulsification process of emulsified asphalt, further leading to a decrease in the wetting rate. Although the diffusion coefficient is slightly higher at an A/C ratio of 1.4 compared to 1.0, it is evident from the aforementioned analysis that wettability evaluation should encompass not only the rate of change in contact angle but also consider the contact angle sizes of the initial and spreading processes. The fitting function generally surpasses that seen at an A/C ratio of 1.0 when considering an A/C ratio of 1.4, indicating a larger overall contact angle. This phenomenon can be attributed to demulsified asphalt partially covering cement when its content is low, impeding cement hydration reactions and reducing heat production, consequently resulting in a greater overall contact angle. In summary, in this study, under suitable cement content conditions and with the investigated A/C ratio of 1.0, a significant enhancement is observed in the interaction between emulsified asphalt demulsification and cement hydration, resulting in an increase in heat release. This phenomenon significantly contributes to improving the wetting and spreading performance between CEACB and RAP.



Additionally, CEACB is a composite material composed of organic asphalt and inorganic cement, which exhibits distinctive viscoelastic properties that result in contact angle hysteresis on the surface of the aged asphalt film. To ensure experimental accuracy, it is crucial to measure the equilibrium contact angle of a CEACB on an aged asphalt surface. Table 3 provides the average value and coefficient of variation (CV) of the equilibrium contact angle of emulsified asphalt and three CEACBs. It is evident that at A/C ratios of 0.6 and 1.4, the equilibrium contact angle of CEACB exceeds that of emulsified asphalt. Conversely, at an A/C ratio of 1.0, the equilibrium contact angle of the CEACB is lower than that of the emulsified asphalt. Notably, at an A/C ratio of 1.0, the equilibrium contact angle reaches its minimum value for CEACB, indicating optimal wettability. These results are consistent with the dynamic wettability and spreading behavior of the CEACB shown in Figure 8.




3.1.2. Initial Wettability Analysis Based on Surface Free Energy


Surface free energy is used as an indicator to quantify the initial wettability of a CEACB, and Formulas (1)–(10) are used for its calculation. The parameters in the calculation process and the calculation results are shown in Table 4. A smaller surface free energy value represents better wettability. The hydration reaction of cement releases heat, thereby increasing the energy of the molecules at the surface layer of the CEACB, potentially leading to a reduction in surface free energy. Simultaneously, the dissolution of inorganic salts generated from cement hydration in water may elevate the surface free energy of CEACB. However, despite the potential increase in surface free energy due to the formation of hydration products from cement, temperature remains as the predominant influencing factor. The addition of cement may lead to a decrease in the surface free energy of CEACB. Moreover, with an increase in cement content, there is a gradual diminishing effect in terms of the changes observed in the surface free energy of the CEACBs.



At an A/C ratio of 1.4, the surface free energy of the CEACB significantly decreases due to an excessive coating of demulsified asphalt around cement particles, forming an obstructive asphalt film that hinders the dispersion of cement hydration products in water. Consequently, it intensifies the influence of temperature elevation on the surface free energy of CEACBs. At A/C ratios of 0.6 and 1.0, the measured surface free energies were found to be 3.812 mJ·m−2 and 3.831 mJ·m−2, respectively, with a slightly lower value observed at A/C = 0.6 owing to a higher cement content, which leads to cement agglomeration and incomplete cement hydration. Furthermore, calculations indicate that CEACBs exhibit the maximum ΔG at A/C = 1.0, signifying the highest energy required for detaching CEACBs from the surface of RAP and suggesting optimal adhesive performance.





3.2. Bonding Capacity between CEACB and RAP


3.2.1. Bonding Strength Evaluation Based on BBS


Figure 10 illustrates the POTS results obtained from BBS testing. POTS significantly increases with increased curing temperature and prolonged curing time. At standard room temperature (25 °C), whether cured for one day or three days, POTS reaches its maximum at A/C = 1.0. The same trend is observed at a curing temperature of 40 degrees, emphasizing the effectiveness of an appropriate A/C ratio in enhancing the interaction between cement and emulsified asphalt. This promotes the formation of a denser spatial network structure, thereby strengthening the interfacial bonding capacity between CEACBs and RAP.



It is noteworthy that the analysis of the growth rate of POTS concerning time and temperature reveals that, at a curing temperature of 25 °C, extending the curing time from 1 day to 3 days results in a modest increase of approximately 0.5 MPa in strength. However, at a higher curing temperature of 40 °C, the strength experiences a more significant gain of nearly 1 MPa over the same 1 to 3-day curing period. This substantiates that an optimal curing temperature significantly contributes to the formation of bonding strength. In instances of lower temperatures, extending the curing time becomes imperative to attain the desired strength. Conversely, higher temperatures reduce the required curing time, enabling the swift restoration of traffic access.




3.2.2. Failure Patterns Evaluation Based on DIP


The interface images obtained from the BBS test were captured using a digital camera. Due to the discrepancy in chromatic lateral aberration between CEACB and the aged asphalt film, the utilization of Halcon (12.0) machine vision software for gray binarization analysis of the interface image significantly contributed to refining the evaluation index for interface failure and improving the assessment of the bonding capacity between the CEACBs and RAP.



By implementing grayscale manipulation, the spalling ratio of CEACBs on the surface of the aged asphalt was quantified. This approach offers several advantages, including minimal errors and enhanced result reliability. The operational procedures are visually presented in Figure 11, encompassing a series of detailed steps:



	(1)

	
Employing a high-resolution camera to capture vertical images of the interfacial failure between a CEACB and artificial RAP substrate, ensuring consistent light intensity for accurate analysis.




	(2)

	
Undergoing pre-processing procedures involving clipping and noise reduction, the captured image was then transferred to Halcon software for channel conversion, thereby transforming the color channel into a monochrome channel.




	(3)

	
Executing channel conversion and implementing gray binarization, the CEACB was distinguished from the aged asphalt film with a distinct color gamut. Subsequently, the calculation of the pixel value ratio of the exposed aged asphalt film to the entire interface was then performed to establish the spalling rate index of cement-emulsified asphalt on the aged asphalt.







The differentiation between the CEACB and the aged asphalt was achieved by utilizing a distinct color gamut. The index for the spalling rate of CEACB from the artificial RAP substrate was determined by calculating the ratio between the pixel values of the exposed aged asphalt and the entire interface. Set the pixel value of the exposed aged asphalt to     P I X   a g e     and the pixel value of the entire damaged interface to     P I X   c o m p l e t e    , then the spalling rate is equal to       P I X   a g e       P I X   c o m p l e t e      . A decreased spalling rate indicates more robust adhesion between the CEACB and the aged asphalt. This measurement aims to characterize the damage patterns between the CEACB and RAP, where a lower spalling rate signifies stronger adhesion between the CEACB and the aged asphalt. Twelve coated samples were prepared, and their respective test outcomes are outlined in Table 5.



As shown in Table 5, the CEACB spalling rates consistently decrease with increasing temperature across different A/C ratios. It is suggested that appropriately increasing the temperature contributes to the development of adhesion between a CEACB and RAP, thereby resulting in a decreased spalling rate. Moreover, it is noteworthy that the CEACB cured for 3 days exhibited significantly lower spalling rates compared to those cured for only 1 day under the same A/C ratio and curing temperature conditions. The reduction in the spalling rate is most pronounced at an A/C ratio of 1.0, followed by the A/C ratio of 1.4. Prolonging the curing time contributes to enhancing the interfacial bonding capacity between the CEACB and RAP, particularly demonstrating optimal adhesive strength at an A/C ratio of 1.0.





3.3. Grey Relational Analysis


The initial wetting condition of the CEACB on the RAP surface significantly impacts the ultimate interfacial bonding capacity between the CEACB and RAP. Optimal wetting conditions can accelerate and improve the coating of CEACB on RAP, thereby benefiting the coverage of emulsified asphalt on aggregates. The interaction between cement and RAP enhancers the bonding capacity at the interface, thereby improving the overall strength of CRAEMs. Furthermore, critical factors, such as cement content, curing time, and curing temperature exert a significant influence on the interfacial bonding capacity between CEACBs and RAP. To quantitatively assess the impact of these influencing factors on bonding capacity, this study utilized varying cement contents, curing times, and curing temperatures as comparative sequences while considering their effects on wettability and strength development processes. Subsequently, a comprehensive grey relational analysis was conducted using maximum POTS and spalling rate as reference sequences. The detailed initial sequence is provided in Table 6. The grey relational grades calculated using Equations (10)–(15) are displayed in Figure 12.



When utilizing the POTS as the reference sequence, the GRA reveals a high correlation between curing temperature and curing time, with respective relational degrees of 0.68692 and 0.67324. The curing temperature influences the POTS by regulating both the chemical reactions and structure formation of CEACBs during the curing process. Higher curing temperature accelerates cement hydration reactions and the demulsification of emulsified asphalt, thereby improving CEACB strength. Curing time represents the duration of CEACB solidification, and prolonging this duration notably enhances the strength and structural integrity of CEACBs. As the cement hydration reaction progresses, there is an increased production of hydration products and crystalline substances that interact with the emulsified asphalt, thereby further reinforcing the bonding strength between the CEACB and RAP.



When utilizing the spalling rate as the reference sequence, the highest correlation is found with cement content, at 0.64166. The wettability of a CEACB is intricately affected by the cement content through modifications in the viscosity, flow properties, particle size distribution, and chemical interactions. The results demonstrate that favorable wettability increases the contact area between a CEACB and RAP, facilitating more effective infiltration of the CEACB into the RAP surface. Consequently, this enhances the interfacial adhesion between the CEACB and RAP, thereby reducing the possibility of spalling occurrence. However, there is a less pronounced association between curing time, curing temperature, and spalling rate, particularly noteworthy is the fact that the correlation degree between curing time and spalling rate is less than 0.5, which significantly deviates from correlations observed with the other influencing factors. These findings indicate that wettability primarily influences the spalling rate at the interface between a CEACB and RAP. Meanwhile, the establishment of bonding capacity between an CEACB and RAP surface is not yet fully formed, thereby limiting the influence of curing time on the spalling rate. Nevertheless, over time, the extent of CEACB curing intensifies, and the impact of curing time on the spalling rate becomes increasingly apparent, particularly during the later stages of curing.



Ensuring the optimal performance of CRAEMs in road construction is crucial and requires a comprehensive consideration of multiple key factors in practical engineering. Firstly, curing temperature stands as a critical parameter. Elevating the curing temperature accelerates cement hydration reactions and the emulsified asphalt demulsification process, thereby promoting rapid curing and structural formation of CEACBs. Secondly, it is necessary to reasonably schedule the curing time. Prolonging the curing time fosters internal reactions and promotes strength development within the CRAEM. However, achieving a balance between road closure duration and curing time is essential to ensure prompt road opening while preserving the performance integrity of CRAEMs. Thirdly, exercising control over cement content helps to optimize the initial wettability of CEACBs, which significantly mitigating the risk of spalling failure of asphalt pavement. Therefore, meticulous design of material formulations and construction parameters is crucial in practical engineering to ensure reliable quality and strength of CRAEMs.





4. Conclusions


The whole process of strength development and failure between CEACBs and RAP was systematically investigated, according to the surface energy theory combined with the correlation analysis between initial wettability and ultimate bonding capacity. The primary conclusions are summarized as follows:




	(1)

	
The wettability and spreading behavior of CEACBs on the aggregate surface were successfully characterized via contact angle measurements and subsequent function fitting. The wettability of CEACBs on the aggregate surface initially increases and subsequently decreases with increasing cement content, suggesting a positive influence of appropriate cement content on the wettability of CEACBs on RAP.




	(2)

	
The incorporation of BBS test and image processing technology enhances reliability in recognizing failure patterns. By properly prolonging the curing time and controlling the curing temperature, significant improvements can be achieved in the bonding capacity of CEACBs, resulting in higher drawing force between CEACBs and RAP. Cohesive failure patterns within CEACBs become more predominant.




	(3)

	
In the cementation process between CEACBs and RAP, an obvious correlation is observed between initial wettability and ultimate bonding capacity. Notably, the wettability of CEACBs exerts the most significant influence on the initial formation of interface strength, especially on the spalling rate. Conversely, the effects of curing time and curing temperature on this process are relatively minor.




	(4)

	
Based on the analysis of grey correlation degree, it can be concluded that the optimization of material ratio should be emphasized in the engineering practice, which is conducive to effectively enhancing the interfacial bonding capacity of asphalt mixtures and improving the initial strength and anti-spalling ability of asphalt pavement.
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Figure 1. The figure shows the artificial RAP substrate. 
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Figure 2. The figure shows the optical contact angle apparatus. 
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Figure 3. The figure shows the PosiTest AT-A. 






Figure 3. The figure shows the PosiTest AT-A.



[image: Buildings 14 01217 g003]







[image: Buildings 14 01217 g004] 





Figure 4. The figure shows the schematic configuration of BBS test. 
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Figure 5. The figure shows the (a) pull-off stub, (b) specimen, and (c) samples of BBS test. 
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Figure 6. The figure shows the variables of Young’s Equation using contact angle. 
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Figure 7. The figure shows a (a) schematic diagram of the pendant drop method and (b) an image of a drop. 
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Figure 8. The figure shows the contact angle in time dimension. 
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Figure 9. The figure shows the spreading behavior of the CEACBs. 
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Figure 10. The figure shows POTS under different curing conditions. 
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Figure 11. The figure shows the image analysis process of failure interface: (a) initial image, (b) single processing channel, and (c) binarization processing. 
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Figure 12. The figure shows grey relational degree. 
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Table 1. The table shows the properties of the emulsified asphalt.
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Properties

	
Unit

	
Value

	
Test Method






	
Test on Emulsified Asphalt

	

	

	




	
Sieve test (1.18 mm)

	
%

	
0.01

	
ASTM D244 [39]




	
Storage stability (1 day, 25 °C)

	
%

	
0.4

	
ASTM D244




	
Storage stability (5 days, 25 °C)

	
%

	
3.2

	
ASTM D244




	
Test on Asphalt Residue

	




	
Solid content

	
%

	
60.0

	
ASTM D244




	
Penetration (25 °C, 100 g, 5 s)

	
0.1 mm

	
75.3

	
ASTM D5 [40]




	
Ductility (25 °C)

	
cm

	
80.4

	
ASTM D113 [41]




	
Kinematic viscosity

	
Pa·s

	
95.2

	
ASTM D2170 [42]




	
Softening point

	
°C

	
49.5

	
ASTM D36 [43]











 





Table 2. The table shows the chemical composition of the cement.
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	Composition
	Weight Percentage





	CaO
	61.13



	SiO2
	24.48



	Al2O3
	5.05



	MgO
	2.33



	SO3
	2.04



	Fe2O3
	3.38



	K2O3
	0.54



	Na2O
	0.77



	TiO2
	0.08










 





Table 3. The tables shows the equilibrium contact angle.
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	A/C
	Average Value (°)
	CV (%)





	EA
	61.87
	0.44%



	0.6
	69.70
	1.09%



	1.0
	60.68
	0.87%



	1.4
	62.88
	1.34%










 





Table 4. The table shows the surface free energy and   ∆ G   of CEACBs with RAP.
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	A/C
	x (m)
	  φ   (°)
	Ro (m)
	Surface Free Energy    ( mJ ·   m−2)
	   ∆ G        ( mJ ·   m−2)





	EA
	7.362 × 10−3
	64.237
	8.337 × 10−3
	3.975
	5.849



	0.6
	6.689 × 10−3
	54.201
	8.236 × 10−3
	3.812
	5.135



	1.0
	6.277 × 10−3
	49.023
	8.325 × 10−3
	3.831
	5.707



	1.4
	7.247 × 10−3
	57.211
	8.162 × 10−3
	3.426
	4.988










 





Table 5. The table shows the spalling rates analysis of failure interface.
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Curing Temperature

	
Curing Time

	
A/C

	
0.6

	
1.0

	
1.4






	
25 °C

	
1 day

	
Spalling rate

	
0.435801

	
0.410952

	
0.459995




	
Figures
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3 days

	
Spalling rate

	
0.430479

	
0.390900

	
0.428894




	
Figures

	
[image: Buildings 14 01217 i004]

	
[image: Buildings 14 01217 i005]

	
[image: Buildings 14 01217 i006]




	
40 °C

	
1 day

	
Spalling rate

	
0.357687

	
0.349914

	
0.367774




	
Figures
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3 days

	
Spalling rate

	
0.288313

	
0.231372

	
0.35768




	
Fi