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To explore the effect of emulsifier structure on mass transfer performance, and provide theoretical basis and ideas for the structure design of new asphalt emulsifier. The mass transfer process of the anionic surfactant sodium dodecyl benzene sulfonate (SDBS) and its four isomers on the solid surface of calcium carbonate, as well as the resulting main chemical component of its aggregates, were studied using molecular dynamics (MD) simulations. It was found that the SDBS and its isomers can be adsorbed on the calcium carbonate surface over a relatively short time and gradually form an aggregate structure during the mass transfer process. In this process, Na ions have no obvious aggregation behavior in the polar head of the emulsifier. The calculated interfacial interaction energy indicates that the adsorption performance and aggregation on the calcium carbonate surface are related to the degree of branching and steric hindrance of the emulsifier molecule. Both the lipophilic group and the hydrophilic group in the emulsifier promote its diffusion into the solution. The results show that molecular dynamics (MD) simulations can be used to supplement experiments to provide the necessary microscopic information and theoretical basis for further experimentation.
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INTRODUCTION

It is of great importance to find a method for road construction that is environmentally friendly, resource-saving, and convenient in light of the increasingly significant environmental problems and diversification of construction in China. Traditional road asphalt pavement construction requires the asphalt to be heated to 160–170°C, the mineral materials to 170–180°C, and the mix asphalt mixture to 150–160°C. There are corresponding temperature requirements for the transportation, paving, and compaction of a mixture, especially when the mixture meets water, which makes paving roads difficult (Lissant, 1975). Moreover, the heating process of asphalt during road construction is time-consuming and produces harmful substances that cause serious pollution to the environment. Further, the organic solvents used to dilute asphalt volatilize into the air after road construction, which also pose a serious threat to environmental safety and endanger the health of construction workers (Jerzy and Bengt, 1990). Through long-term research and practice, researchers have shown that the development of emulsified asphalt is one of the most effective ways to solve many problems that exist in traditional road asphalt construction (Ouyang et al., 2017, 2018b).

The use of emulsified asphalt has important practical significance in the field of highway construction (Kong et al., 2017). Based on recent statistics, the apparent consumption of asphalt in China exceeded 32 million tons in 2018, which was distributed across road construction, housing construction, airport construction, and water conservancy projects. With the rapid growth of investment in China's highway construction, the asphalt used in road construction has exceeded 75% of the total national asphalt consumption. In current road construction methods, the heating temperature for the asphalt emulsification process only needs to reach 120°C, which is lower than the processing temperature of hot asphalt by about 50°C. Compared with hot asphalt, the production of emulsified asphalt of unit mass requires 50% less energy and allows a large reduction of the emission of harmful gases. Moreover, the construction environment for emulsified asphalt is largely unaffected by weather conditions; therefore, this production process is currently considered one of the most effective, economical, and environmentally friendly means of road construction and maintenance (Chu and Shen, 2016).

Emulsified asphalt was first used in the field of road construction in the early 1920s. Over the first 40 years of emulsified technology exploration, anionic emulsified asphalt was the primary method developed for construction. Anionic emulsified asphalt has the advantages of energy efficiency, convenient construction, and cost effectiveness, and enables the use of a wide range of emulsifiers. However, both anionic emulsified asphalt and the wet aggregate surface are negatively charged. The resulting homogeneous repulsion between the asphalt particles prevents rapid adsorption of the aggregate surface, which affects pavement formation early in the process and delays its availability for traffic use. With the recent development of surface and colloidal chemistry, cationic emulsified asphalt has gradually replaced anionic emulsified asphalt because of its opposite charge to the aggregate surface, which successfully compensates for the lack of adhesion from anionic emulsified asphalt and has gradually become the predominant technique. However, a wide range of inexpensive anionic emulsifiers are available; further, these emulsifiers can be synergized with cationic, non-ionic, and amphoteric emulsifiers to form a composite, which greatly improves its emulsifying performance. Therefore, the study of anionic emulsified asphalt remains of practical significance (Yang, 2004).



BACKGROUND


Emulsifier and Emulsified Asphalt

Since the 1960s, the adsorption of emulsifier molecules on solid surfaces has gradually become a major focus of attention (Somasundaran et al., 1964). Methods for the study of emulsified asphalt have developed from a large number of emulsifying compatibility evaluation tests through a combination of Raman spectroscopy, surface free energy, fluorescence spectroscopy, interfacial viscoelasticity, neutron scattering, and other research techniques (Lu et al., 1995; Conboy et al., 1998; Kunieda et al., 1998; Penfold et al., 1998, 2000; Bumajdad et al., 1999; McKenna et al., 2000), which has provided abundant information on the structural design of emulsifiers. Jin et al. (2013) synthesized a composite asphalt emulsifier with an OP-10 cationic surfactant as the intermediate. The effects of the synthesis conditions and formulation on the emulsifying performance, surface activity, and service performance of the emulsifier were studied, and a new way to prepare composite asphalt emulsifiers was explored. Tan et al. (2013) found that emulsifier has significant retarding effect on cement hydration, which is relevant to the types of emulsifier and its dosages. Therefore, suitable emulsifier with little retarding effect on cement hydration and its appropriate dosage are recommended when producing asphalt emulsion for CA mortar. Han and Yu (2014) studied the pressure-sensitivity of cement mortar composites with different concentrations of multi-walled carbon nanotubes and different surfactants under repeated loading and impulsive loading, respectively. Experimental results indicate that the response of the electrical resistance of composites with SDBS to external force is more stable and sensitive than that of composites with Sodium dodecyl sulfate. Ouyang et al. (2016) studied the effect of emulsifier and superplasticizer on the rheology of cement paste and asphalt emulsion and the results show that the apparent viscosity and yield stress of asphalt emulsion increase with superplasticizer and emulsifier dosage. Wang et al. (2018) synthesized a new cationic surfactant containing non-ionic aliphatic alcohol polyoxyethylene ether using epichlorohydrin, octadecyl dimethylamine, and aliphatic alcohol polyoxyethylene ether as raw materials. It was concluded through experiments that the surfactant met the requirements for the asphalt emulsifier.

Emulsified asphalt is a kind of stable oil-in-water or water-in-oil emulsion formed by the action of the asphalt, emulsifier, and stabilizer, and offers the advantages of energy savings, reductions to environmental pollution, and convenient construction (Wu et al., 1992). Based on whether the hydrophilic group of the emulsifier molecule dissolves in water and what ions it dissociates into, asphalt emulsifiers can be divided into ionic and non-ionic types, among which the ionic type can be further divided into anionic, cationic, and amphoteric. The hydrophilic group of anionic asphalt emulsifiers consists of anions, which have been widely used since 1925. The common anionic asphalt emulsifiers are carboxylate (-COONa), sulfonate (-SO3Na), and sulfate (-OSO3Na). Cationic emulsified asphalt were developed after anionic types; however, owing to the excellent emulsifying performance and ability of the former to overcome the shortcomings of slow demulsification, long construction time, and poor ductility, the development of cationic emulsified asphalt progressed more quickly.

In recent years, Seref et al. (2006) studied the effect of Portland cement to improve the mechanical properties of dense graded emulsified asphalt mixtures for structural road layers. It was found that adding Portland cement to emulsified asphalt mixtures improves their mechanical properties, resilience modulus, temperature sensitivity, water damage, creep, and permanent deformation resistance. Yongjoo et al. (2011) studied the cold in-place recycling (CIR) mixture composed of foamed and emulsified asphalt, and found that the CIR-foam sample showed a higher tensile strength and lower water content than the more conventional CIR-latex sample. Zhao et al. (2012) studied the aging resistance of emulsified asphalt using the weightlessness coefficient method. It was found that the aging resistance of emulsified asphalt was better than that of the original asphalt. The aging kinetics equation was established based on the relationship between the n-pentane asphaltene and time. Ouyang et al. (2018a,b, 2019) found that temperature and Water greatly affects the mechanical properties of cement bitumen emulsion mixture.



Application of Molecular Dynamics Simulations for Research Into Road Materials

Molecular dynamics (MD) simulation technology is a comprehensive application that integrates multiple disciplines. As one of the most widely used simulation methods in recent years, MD simulations are mainly based on Newton's basic theory of kinematics and the corresponding force field to simulate the movement processes of molecular system. They can obtain trajectories for particles in a system in addition to predicting the micro-morphological changes during the movement process. At the same time, the structural characteristics and thermodynamic properties of some complex systems can be calculated and analyzed (Matthieu and Punit, 2019).

With the development of MD and of the force field, simulations have been more often and more widely applied while the computational efficiency has been greatly improved. To date, MD simulation technology has become an important method to study the mechanisms of molecular mass transfer. These simulations enable tracking of the dynamic evolution of complex systems over time, reveal the adsorption properties and mechanism of molecules at interfaces at small time scales, and provide kinetic information that is difficult to observe and detect directly through experiments (Han et al., 2016; Hou et al., 2018). Maiti et al. (2002) obtained the equilibrium conditions and surface coverage of surfactants in oil and water phases using symmetrical MD. Ding et al. (2014) studied the effect of styrene-butadiene-styrene (SBS) on the molecular aggregation behavior of asphalt binders via MD simulations. It was found that the influence of the modifier largely depends on the molecular structure of the asphaltene. Xu et al. (2016) developed a molecular simulation method based on thermodynamics to study the cohesion and adhesion of asphalt concrete for the first time. The results showed that the cohesion between the asphalt and aggregate depends mainly on the type of aggregate minerals (silica or calcite) under dry and wet surface conditions. In the case of low moisture content, the type of asphalt has a significant influence on the adhesion between asphalt and silica. Vekeman et al. (2019) studied the adsorption and selectivity of CH4/N2 mixtures on a flexible graphene layer by molecular simulation. It was found that the accuracy of the potentials guarantees a quantitative description of the interactions and trustable results for the dynamics, as long as the appropriate set of intramolecular and intermolecular force fields is chosen. And based on the MD simulations, Zhou et al. (2019) studied the Intermediate Phase in Calcium–Silicate–Hydrates: Mechanical, Structural, Rigidity, and Stress Signatures. It demonstrated that the intermediate phase observed in this system arises from a bifurcation between the rigidity and stress transitions. These features might be revealed to be generic to isostatic disordered networks.

Sodium dodecylbenzene sulfonate (SDBS) is a common anionic asphalt emulsifier that is suitable for slurry seals, viscous oil, and base maintenance. During the preparation of SDBS, a small amount of isomers are simultaneously generated. Owing to the similar properties and morphologies of SDBS and its isomers, it is difficult and expensive to purify its isomers. Therefore, the use of molecular dynamics simulation to study the mass transfer process of SDBS and its isomers on aggregate surface enables accurate prediction of their performance differences, saving manpower and material resources, and improving the efficiency of scientific research. Li et al. (2009) used MD simulations to study the role of SDBS for the oil-water separation of chloroform and water. It was found that the presence of SDBS significantly inhibited the separation of chloroform and water. Song et al. (2009) simulated the adsorption of SDBS on an amorphous silica solid surface using MD. It was found that SDBS can be adsorbed on solid surfaces from solution over a certain time. Liu et al. (2011) studied the adsorption behavior of SDBS and its isomers at the oil/water interface using the MD method, and proposed that changes in the adsorption from the simulations could be investigated by calculating the contact area. The results showed that the proper oil phase can make the interface SDBS and its isomers more compact and orderly, providing better interfacial activity. Ni et al. (2018) investigated the adsorption characteristics of anionic surfactant sodium dodecylbenzene sulfonate on the surface of montmorillonite minerals. It showed that the addition of H+ to the SDBS solution could reduce electrostatic repulsion and promote the adsorption of SDBS on montmorillonite.




OBJECTIVE

In this paper, the interactions between SDBS, its isomers and calcium carbonate, which is the main chemical composition of the aggregate, were studied using MD simulations, and the effect of SDBS and its isomers on the mass transfer of the aggregate on the surface of the main chemical component was explored. The main purpose is as follows:

(i) To improve the understanding of mass transfer and condensation behavior of anionic asphalt emulsifier on the surface of main chemical components of aggregate.

(ii) The parameters of the radial distribution function (RDF), mean square displacement (MSD), and interfacial energy were used as indicators of molecular mass transfer and condensation behavior to assess the behavior changes of isomers on the surface of the main chemical components of aggregates.

(iii) To explore the effect of emulsifier structure on mass transfer performance, and provide theoretical basis and ideas for the structure design of new asphalt emulsifier.



MODEL AND METHOD


Potential Function

At present, Condensed-phase Optimized Molecular Potentials for Atomistic Simulation Studies force field (Sun, 1998), Universal force field (Rappé et al., 1992) and consistent-valence force field (Jon et al., 1988) are widely used in the field of interface adsorption. Through a large number of trial calculations, the author found that the potential energy of Stretch-Torsion-Stretch, Separated-Stretch-Stretch, Torsion-Stretch, Bend-Bend, Torsion-Bend, Bend-Torsion-Bend, Long range correction in sodium dodecylbenzenesulfonate-water-calcium carbonate system is much smaller than that of Bond, Angle, Torsion, van der Waals, and Electrostatic interactions. To effectively utilize the limited computing resources, the simulation was performed using the FORCITE module in the Materials Studio (MS) 2017 software, for which the universal force field (Rappé et al., 1992) was selected. The force field includes six potential functions, including bond, angle, torsion, inversion, Van der Waals (VdW) and Electrostatic, which can save time and improve efficiency while ensuring simulation accuracy. The potential energy function has the following form:

[image: image]

The first four terms are Valence energy, which represent the potential energy of bond, angle, torsion and inversion respectively. They are obtained mainly by Fourier Cohen function expansion. Footmarks I, J, K, and L represent different atoms in the model. K_IJ, K_IJK and K_IJKL all represent force constants between different atoms in units of (kcal/mol)/Å2. r_IJ is the natural bond length between atoms in unit of Å. The coefficient C_n represents the minimum value satisfying the boundary conditions at the natural bond angle θ_0. θ, φ and ω represent the angles of bond angle, torsion, and inversion, respectively. The latter two terms are Non-bond energy, representing VdW, and Electrostatic, respectively. In Van der Waals, D_IJ denotes the depth of the potential well, and x denotes the distances of different atoms. In Electrostatic, Q denotes charge, R_ij denotes distance between Q_i and Q_j, and ϵ denotes dielectric constant.



Material Model

Based on the determined chemical composition of the aggregate (Kong, 2017), calcium carbonate is one of the main chemical components of the aggregate. Further, through a large number of trial calculations, it is found that calcium carbonate has higher adsorption performance than other chemical components in aggregate. Therefore, the calcium carbonate model was established in this study to replace aggregate for molecular simulation. The calcite structure model (Sitepu, 2009) was therefore established as the research object; its spatial group is R-3cH, and the spatial coordinates are given in Table 1.


Table 1. Space coordinates for the calcite model (Sitepu, 2009).

[image: Table 1]

The calcite supercell was constructed, and the SDBS (4-1ΦC12S) and its isomers (4-3ΦC12S, 4-5ΦC12S, 2-1ΦC12S, and 3-1ΦC12S) were established using the amorphous cell tool in MS. The model formed a layered structure with the calcite supercell (Liu et al., 2011). The chemical structural models of emulsifier are shown in Figure 1.


[image: Figure 1]
FIGURE 1. Sodium dodecyl benzene sulfonate (SDBS) and its isomer models. The leading digit 2, 3, or 4 indicates that the long alkyl chain is in the ortho, interposition, or para position of the benzene ring, respectively; Φ represents the benzene ring; 12 is the number of carbon atoms in the long alkyl chain; the digits 1, 3, or 5 before the Φ indicate that the benzene ring is at the position 1#, 3#, or 5# of the long alkyl chain; and S represents the sulfonate.




Structure Model

The supercell thickness for the calcium carbonate was 2.0 nm. An aqueous layer composed of 300 water molecules was placed above the emulsifier solution to prevent the influence of periodic boundary conditions on the emulsifier solution system, where the thickness of the vacuum layer was 3.0 nm. The emulsifier solution contained 10 SDBS molecules and 1,200 water molecules. SDBS molecules are often disassociated as Na+ ions and DBS− ions in solution; therefore, these ions were distributed randomly in a 1:1 ratio when constructing the amorphous emulsifier structure with the goal of maintaining electrical neutrality. Further, the net charge of the DBS− ions and water molecules were selected using the QEq method (Rappé and Goddard, 1991). Owing to the simple structure of the Na+ ions, their formal charge was distributed as a direct response to the force field, and the electrostatic interactions were calculated using the Ewald addition method (Allen and Tildesley, 1987). The van der Waals interactions were based on atomic calculations with a moderate simulation accuracy and a cutoff radius of 12.5 Å. The structural model discussed by Yan and Zhu was adopted for the water molecules (Yan and Zhu, 2013). The test value of the O-H bond length was 0.95718 Å and the H-O-H bond angle was 104.523°. The MD simulations used the canonical ensemble (NVT) approach to simulate a temperature of 298 K and the Nose method (Hoover, 1985) to control the temperature. The time step was 1 fs, the total simulation time was 1,000 ps, and the trace file was stored once every 0.5 ps for the subsequent structural and MD analyses. The component models and architecture are shown in Figure 2.


[image: Figure 2]
FIGURE 2. Representation of the simulation model. Obtained by Materials studio 2017. (A) Na+ ions, (B) the supercell o calcium carbonate, (C) H2O, (D) dodecylbenzene sulfonate ions (DBS), (E) water layer, and (F) test model.





RESULTS AND DISCUSSION


Agglomeration Structure of the Amorphous Calcium Carbonate Surface

The SDBS MD simulation trace file was derived to clearly observe the adsorption process and improve the simulation efficiency. Figure 3A shows the random distribution model doe the DBS− with a negative charge and the anti-particle Na+ ions on the solid surface of the simulated system (at 0 ps). As the simulation progressed, the intermolecular interactions of the emulsifier were the first to occur. The DBS− ions aggregated in the water, the intermolecular space gradually reduced (200 ps; Figure 3B), and the degree of aggregation increased with time, which gradually formed half micelles (400 ps; Figure 3C). At the same time, because of the adsorption of calcium carbonate on the emulsifier molecules, the molecules close to the surface of the calcium carbonate gradually moved closer to the surface (600 ps; Figure 3D) where they were finally adsorbed (800 ps; Figure 3E). As a result of the difference in the concentrations between the upper water layer and the emulsifier solution, the upper water layer also had a certain adsorption effect on the emulsifier molecules. This eventually led to a separation of the upper and lower emulsifier molecules in the solution, which were adsorbed at the liquid–liquid and solid–liquid interfaces, respectively.


[image: Figure 3]
FIGURE 3. Adsorption process of the surfactant molecules at the solid–liquid interface in the SDBS system. (A) 0 ps, (B) 200 ps, (C) 400 ps, (D) 600 ps, and (E) 800 ps.


During the adsorption process, Na+ ions were distributed randomly in the emulsifier solution, and no obvious aggregation was observed around the polar head of the emulsifier (Figure 4). The authors reason that while the Na+ ions are positively charged, the oxygen atoms in the water and the polar head of the emulsifier molecule have a significant negative charge. The calculated charges given in Table 2 indicate that the charge of the oxygen atoms in the DBS− ion polarity head was significantly lower than that of the oxygen atoms in the water molecules. Thus, there were stronger electrostatic interactions between the Na+ ions and the water molecules based on the charge magnitudes.


[image: Figure 4]
FIGURE 4. Na+ aggregation in the SDBS system. The purple sphere is Na+. (A) 0 ps, (B) 400 ps, and (C) 800 ps.



Table 2. Oxygen atomic charge.

[image: Table 2]

RDF of the sulfur atoms in the polar-head of the DBS− and Na+ ions indicates that there was no obvious aggregation in the polar-head of the DBS− or Na+ ions (Figure 5A). However, there were obvious aggregation peaks between (i) the sulfur and oxygen atoms in the water molecules and (ii) the Na+ ions and the oxygen atoms in the water molecules (Figures 5B,C, respectively). This indicates that a water layer between the Na+ ions and the polar head prevented relative proximity between them. For a Na+ ion and a polar-head to interact, the electrostatic interactions between (i) the water molecules and Na+ ions and (ii) the water molecules and the polar-heads must be broken down.


[image: Figure 5]
FIGURE 5. Radial distribution as a function of distance between the S atom in the polar-head, the O atom in water molecules, and the Na+ ions in the solution for the SDBS system. The obvious characteristic peak indicates that there is adsorption between them.




Adsorption of the SDBS and Its Isomers on the Calcium Carbonate Surface

Figure 6 shows the adsorption of SDBS and its isomers on the surface of calcium carbonate. It was observed that calcium carbonate had an adsorption effect on the SDBS and its isomers. Additionally, there were obvious aggregation peaks through the radial distribution function of the carbon atoms between the emulsifiers (Figure 7), indicating mutual aggregation between the emulsifiers at this concentration.


[image: Figure 6]
FIGURE 6. Adsorption of the SDBS and isomers on the CaCO3 surface.



[image: Figure 7]
FIGURE 7. Radial distribution function of the emulsifier end-carbon atoms in the SDBS solution. The obvious characteristic peak indicates that there is adsorption between them.


In this system, the emulsifier molecules near the calcium carbonate surface aggregated on the solid surface to form a distinct semi-micelle structure. The emulsifier molecules far from the calcium carbonate surface also aggregated with each other because of their own electrostatic adsorption. The adsorption performances of the emulsifiers 4-3ΦC12S (Figure 6d) and 4-5ΦC12S (Figure 6e) on the calcium carbonate surface were significantly weaker than those of the other three. The calcium carbonate adsorbed only the lowermost layer of the 4-3ΦC12S and 4-5ΦC12S emulsifier molecules, and there was no adsorption effect on the half-micelle structure of the middle and upper layers of the system. This was attributed to the increased degree of branching as the aromatic hydrocarbons in the benzene sulfonate molecules moved toward the middle of the alkyl chain, which led to a higher coverage rate of the emulsifier molecules, enlarged the contact area between the emulsifier molecules and the water molecules, and led to decreased adsorption.

Further, as the benzene ring moved toward the middle of the alkyl chain, the degree of aggregation for the emulsifier in the solution gradually decreased, indicating that the critical micelle concentration increased with the degree of branching when the length of the alkyl chain remained the same. As the degree of intermolecular branching increased, the interactions between the emulsifier molecules gradually decreased. The spatial volume of the hydrophobic group increased as the benzene ring moved toward the middle of the alkyl chain, making it more difficult for the emulsifier to form a tight alignment, thereby increasing the critical micelle concentration.



Interface Energy Calculation and Analysis of the SDBS on the Calcium Carbonate Surface

The interfacial energy parameters characterize the bonding degree and adsorption performance of the solid-liquid phase. The adsorption model with the lowest energy can be obtained through MD simulations; furthermore, the energy parameters for each part could be obtained, whereupon the interface energy (Pradip, 2002) can be calculated according to

[image: image]

where E_total is the total energy of the system, E_surface is the energy of the underlying solid surface, E_“emulsifier” is the energy of the emulsifier solution, and ΔE is the interaction energy between the aggregate and emulsifier interface (Gao et al., 2013).

Xu et al. (2016) pointed out that the solid-liquid interface interaction energy ΔE, which characterizes the stability of the adsorption system, indicates that larger negative values give a greater interaction and stronger surface adsorption. In contrast, if ΔE is zero or positive, the emulsifier has little or no adsorption on the solid surface. The potential energies of the five emulsifier–calcium carbonate interface models were calculated using the FORCITE module in MS, and the interfacial interaction energy was calculated according to the interface energy formula.

The interfacial interaction energies of the SDBS and its isomers were consistently negative, indicating that the five emulsifiers had a certain adsorption on the calcium carbonate surface (Figure 8). Among them, the interfacial interaction energy of the 4-1ΦC12S, 4-3ΦC12S, and 4-5ΦC12S decreased as the benzene ring moved toward the middle of the alkyl chain. Furthermore, the interfacial interaction energies for the 4-3ΦC12S and 4-5ΦC12S were significantly lower than for the other three emulsifiers, indicating that their adsorption performances were weaker, which is consistent with the conclusions drawn in section Application of Molecular Dynamics Simulations for Research Into Road Materials. When the straight alkyl chain was in the ortho and meta positions of the benzene ring, the interfacial interaction energy was improved to some extent with respect to the 4-1ΦC12S, indicating that the 2-1ΦC12S and 3-1ΦC12S had better adsorption performances in the system. However, the benzenesulfonate ions of the 2-1ΦC12S were close to its own carbon chain, causing the outer electron clouds of different groups to overlap and repel each other. There was also a steric hindrance effect, making the adsorption performance lower than that of the 3-1ΦC12S.


[image: Figure 8]
FIGURE 8. Results of the potential energy calculation for the emulsifier on the CaCO3 surface.




Interfacial Diffusion of the Emulsifier (Solution)–Calcium Carbonate System

The diffusion coefficient refers to the ease by which a material passes through a unit area when the concentration gradient of the solution is constant. According to Einstein's analysis of Brownian motion, MSD has a linear relationship with time when the system is a liquid. Here, the diffusion coefficient of a particle in the emulsifier solution can be calculated from the slope of this linear relationship. Therefore, when an MD simulation is used to calculate the diffusion coefficient, the MSD curve of the particles is usually calculated from the Einstein equation (Allen and Tildesley, 1987). This relationship is given by

[image: image]

where D is the diffusion coefficient of the particles in the system, N is the number of diffusion molecules, and the differential term is the linear slope of the MSD vs. time. The MSD curves were obtained and statistically analyzed using the MD simulation of the post-phase trajectory files for each group model. The diffusion-coefficient relationships for the carbon atom at the end of the alkyl chain, the DBS− ion centroid, the S atom in the benzene sulfonate ions, the Na+ ions, and the emulsifier solution were obtained, as shown in Figure 9.


[image: Figure 9]
FIGURE 9. Results of the diffusion coefficient for various components in the solution.


In the diffusion process, the diffusion coefficients of five layers were similar, which indicate that the molecular structure, degree of branching, and other factors had minimal effects on the diffusion ability of the emulsifier. However, the diffusion coefficients of the Na+ ions in different systems were significantly different. The authors believe that this is because the steric hindrance caused by different configurations of the emulsifiers was different. In the system, some atoms or groups were closer to each other with overlapping outer electron clouds. This resulted in repulsion between the atoms and groups and decreased the sensitivity of the soluble cations in the solution.

The diffusion-coefficient distributions of the carbon atom at the end of the alkyl chain and the S atom in the benzene sulfonate ions were higher than that of the DBS− ion centroid, indicating that both the oleophilic group and the hydrophilic group in the emulsifier system could promote the diffusion of the emulsifier in the solution. In the 3-1Φc12s, 4-1Φc12s, and 4-3Φc12s, the diffusion coefficient of the carbon atom at the end of the alkyl chain was higher than that of the sulfur atom in the benzene sulfonate ions, indicating that the activity of the oleophilic group was higher than that of the hydrophilic group in the system.



Experimental Study on Mass Transfer Performance of Emulsifier (Solution)–CaCO3 System

In the solution system of the emulsifier/aggregate, the mass transfer process was complete at the moment solid-liquid contact occurred. However, the relevant test parameters cannot be obtained directly using existing testing methods. Therefore, the conductivity method was used to characterize the mass transfer performance of the emulsifier onto the surface of CaCO3. This method can determine the mass transfer by measuring the conductivity of the supernatant after solid-liquid mixing and centrifugation. A higher conductivity and supernatant concentration of the emulsifier causes fewer emulsifier molecules to be adsorbed onto the CaCO3 surface in the original mixed solution, which leads to a weaker mass transfer performance.

The isomers of 12 alkylbenzene sulfonates are currently rarely sold in China because of their difficult purification process, poor biodegradability, and high price. Therefore, the reliability of the simulation data was verified using the relevant tests with the 4-1ΦC12S and 2-1ΦC12S emulsifier products due to their availability. The emulsifier reagents are shown in Figures 10a,b.


[image: Figure 10]
FIGURE 10. Test equipment. (a) 4-1ipmen, (b) 2-1ΦC12S, (c) samples, (d) TG16-WS high speed centrifuge, (e) ultrasonic cleaning machine, and (f) DDSJ-308A conductivity meter.


To verify the simulation results, the supernatants of the samples (Figure 10c) with CaCO3/emulsifier solution solid-liquid ratios of 1:1, 1:5, and 1:10 were obtained after ultrasonic oscillation and high-speed centrifugation (Figures 10d,e). The conductivity of the supernatant was measured using a DDSJ-308A conductivity meter (Figure 10f) where the test temperature was 28°C and the conductivity units were μS/cm. The results are shown in Figure 11.


[image: Figure 11]
FIGURE 11. Conductivity test results.


It can be seen from Figure 11 that the conductivity of the 4-1ΦC12S solution was higher than that of the 2-1ΦC12S solution at the same concentration. It was shown that calcium carbonate adsorbs more 2-1ΦC12S emulsifier at the same concentration, which results in a relatively low conductivity for the upper supernatant as extracted from the experiment. This suggests that the mass transfer performance for the 2-1ΦC12S emulsifier is better than that of the 4-1ΦC12S emulsifier. The 2-1ΦC12S showed better adsorption performance on the surface of calcium carbonate, which is consistent with the calculation results for the interfacial energy in Interface Energy Calculation and Analysis of the SDBS on the calcium carbonate Surface. At the same time, it was found that a larger solid-liquid ratio of the calcium carbonate/emulsifier solution in the 4-1ΦC12S sample caused a gradually increasing conductivity. This indicates that the 4-1ΦC12S emulsifier had better adsorption performance at low solid-liquid ratios. In contrast, larger solid-liquid ratios for the 2-1ΦC12S sample showed a gradually decreasing conductivity, which indicates it had a better adsorption performance at higher solid-liquid ratios. Determining whether this phenomenon is related to interatomic repulsions caused by overlapping outer electron clouds due to the close group in the emulsifier requires further study.




CONCLUSIONS

The use of emulsified asphalt in highway construction has significant practical applications. The existing asphalt emulsifier qualities are intermingled, which leads to poor adaptability, low compatibility with asphalt, an incomplete formula design, and problems associated with quality control methods. Research on traditional asphalt emulsifiers and its formulation is often based on experience and relies on a large number of emulsifying compatibility selection experiments, which lacks systematic theoretical guidance. This study introduces a new method to examine the mass transfer of emulsifiers and their isomers on the surface of the main chemical components of aggregates through MD simulations regarding the structural design of asphalt emulsifiers for road use. Further, the mass transfer of emulsifier and its isomers on the surface of calcium carbonate, the main chemical composition of aggregate, was also investigated. The following conclusions are obtained through relevant studies:

1. During the mass transfer process, it was found that the five emulsifier molecules aggregated in a relatively short period and were adsorbed at the liquid–liquid and solid–liquid interfaces. Furthermore, the Na+ ions did not aggregate around the polar head of the emulsifier.

2. Owing to the influence of the steric hindrance, the branching degree, and other factors, the mass transfer performance of the 3-1Φc12s was the strongest while that of the 4-5Φc12s was the weakest. As the aromatics in the benzene sulfonate molecules moved to the middle of the alkyl chain, the branching degree of the molecules increased, and the mass transfer performance and degree of aggregation on the calcium carbonate surface decreased.

3. Factors such as the molecular structure and degree of branching had a limited effect on the diffusion capacity of the SDBS and its isomers. Both the lipophilic group and the hydrophilic group promoted the mass transfer performance of the emulsifier in the solution.

4. Conductivity tests showed that the 2-1ΦC12S emulsifier had an overall better mass transfer performance on the surface of the calcium carbonate than the 4-1ΦC12S emulsifier, which is consistent with the MD simulation results. At the same time, it was found that the 4-1ΦC12S emulsifier had a better mass transfer performance at lower solid-liquid ratios while the 2-1ΦC12S emulsifier was better at higher solid-liquid ratios.
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Waterborne epoxy emulsified asphalts (WEEA) have high densities, good chemical stabilities, and high viscosities. However, they have problems in terms of overly high stiffness and low-temperature brittleness when applied as thin-coat asphalt mixtures. In this study, testing was conducted to obtain the optimal mixing ratio for WEEA. Anti-sliding, rutting, water stability, Cantabro, and low-temperature bending tests were carried out to evaluate the performance of thin coating layers formed from open graded friction course (OGFC)-5 WEEA mixtures, with the results indicating that the optimal ratio of waterborne epoxy resin emulsion and curing agent was 2:1 and that the dosage of waterborne epoxy resin should be maintained between 15 and 30%. The surface texture depth and British Pendulum Number (BPN) of the OGFC-5 WEEA mixtures were larger than 0.91 mm and 77.4, respectively, and the WEEA mixtures had better water stabilities and spalling resistance performance than a mixture without WEEA. Waterborne epoxy resin dosages of 15 and 30% resulted in WEEA mixture stabilities of up to 4,285 and 8,798 times/mm, respectively, and tensile strengths at −10°C of 2.204 and 4.727 MPa, respectively. The relatively good pavement functional and low-temperature performance of the optimized OGFC-5 WEEA mixture suggest its usefulness as a pavement maintenance material.

Keywords: waterborne epoxy resin, emulsified asphalt mixture, thin-layer coating, open-graded friction course, road performance


INTRODUCTION

Maintenance of the enormous and growing highway network system in China is becoming increasingly challenging. Cracks, ruts, pits, and asphalt pavement spalling affect traffic safety and reduce the service life of the pavement (Christina, 2019; Wu et al., 2019). It has been found that the application of emulsified asphalt is an effective method of pavement maintenance that is compatible with current developmental trends in asphalt pavement technology (Anthonissen et al., 2016; Law et al., 2017; Santos et al., 2018). Compared with hot mix asphalt, an emulsified asphalt mixture has many advantages for use as a construction material, including improving the construction environment, reducing the effects of environmental factors, saving energy, etc., and has therefore come to be widely used in preventive and daily pavement maintenance. However, the use of emulsified asphalt as a cementing material has a number of disadvantages, including low strength in the early stages of setting, insufficient cohesion, and poor water and temperature stability (Wang, 2015), all of which have restricted the popularization and application of emulsified asphalt.

Based on the performance of cold-mix asphalts before curing, a number of studies have focused on their use in strengthening the performance of asphalts. Some researchers have looked at cement as an additive and carried out indirect tensile, repeated load asphalt creep, and water damage tests to evaluate the performance of cold-mix asphalt mixtures in cement powder. The results of these assessments revealed that cement-modified emulsion mixtures often outperformed hot-mix asphalts (Oruc et al., 2006, 2007). Wang et al. (2015) evaluated various properties of fresh cement-emulsified asphalt mortar and found that increasing the asphalt/cement ratio significantly reduced the compressive strength of the mortar. A further investigation of the properties of cement-stabilized gravel modified by emulsified asphalt (Wang et al., 2017) revealed that cement-emulsified asphalt-stabilized gravel with 5 wt% cement performed well both mechanically and in terms of frost resistance. And some recent studies show that surfactants also have a good effect on increasing the strength of cement asphalt emulsion mixture (Ouyang et al., 2018, 2019; Yang et al., 2020). Other researchers have looked at the use of styrene-butadiene rubber (SBR), styrene-butylene-styrene (SBS), chloroprene rubber (CR), and other polymers to prepare modified emulsified asphalt. Compared with ordinary emulsified asphalt, the high-temperature rheological properties of the modified emulsified asphalts were slightly improved, but the low-temperature properties were essentially the same (Pan et al., 2015). Shafii et al. (2011) found that SBS-modified emulsified asphalt had better high- and low-temperature performance than other types of modified asphalt. To improve the compressive strength of cold-mix asphalt, Chávez-Valencia et al. (2007) added a polyvinyl acetate emulsion to emulsified asphalt and found that the compressive strengths of the test specimens were improved by 31% compared to that of an unmodified mixture. Because the performance of an asphalt mixture is strongly influenced by the physical and chemical properties of the minerals and binders used in the mixture, the adherence between minerals and binders has been extensively studied, with surface free energy used to calculate the amounts of adsorbed vapor corresponding to monolayer occupancy on the surfaces of materials with different additives. The results of these experiments have shown that the wet-condition adhesive bond strengths of binders with various mineral/aggregate combinations are improved through the use of additives (Khan et al., 2016). Kim et al. (2019) experimentally evaluated the short- and long-term performance of SBS-modified asphalt binder added to ground tire rubber and styrene-isoprene-styrene and found that the addition of styrene-isoprene-styrene can significantly improve rutting performances. Hamed et al. (2019) investigated the moisture susceptibility of emulsified asphalt treated with microbial carbonate precipitation, finding that the treatment significantly improved the moisture resistance of the mixture. Jiang et al. (2020) investigated the properties of asphalt binder in terms of the rutting of the cold recycling mix, with their results indicating that high-temperature performance could be improved significantly by adding polymer modifiers and that adding CR latex appeared to be a more effective method for improving the rutting resistance of emulsified asphalt.

The results of these previous lab studies indicate that the performance of SBS-modified emulsified asphalt that has been formed and cured is better than that of ordinary emulsified asphalt. However, the addition of polymers to emulsified asphalt does not appear to fundamentally change the characteristics of the emulsified asphalt. Some studies have also mentioned the difficulty of preparing emulsified asphalt mixtures and the necessity of further improving the stability of the materials. In practical applications, the shortcomings of the slow strength formation and the insufficient bonding of such mixtures with pavement have not been fully overcome. Furthermore, such mixtures are not suitable for use in damp environments. To overcome these problems, some researchers have explored the use of waterborne epoxy resin. Waterborne epoxy emulsified asphalts (WEEAs) produced by modification by water-based epoxy resins can be cured in damp conditions and at room temperature and have proven to have high densities, good chemical stabilities, and high viscosities (Yu, 2018). To obtain binding materials with high bonding strengths at high temperatures and high flexibilities at low temperatures, several WEEA preparation methods have been explored, with the resulting WEEAs exhibiting excellent bonding strength, crack resistance, and anti-impact properties and, depending on the preparation procedure, high water stability and the ability to adhere to aggregates (Yang et al., 2019). WEEA mixtures with aluminum trihydroxide and zinc borate as additives have been used in tunnel construction (Chen et al., 2018). Given the insufficient durabilities of conventional preventive maintenance techniques using bitumen emulsions, some researchers have investigated the performance of WEEA as a pavement preventive maintenance material, with the results indicating that the waterborne epoxy distributes evenly within the asphalt matrix, and significantly improves the skid resistance and durability of pavements maintained with asphalt emulsion coating layers (Hu et al., 2019). In the other research, WEEA mixtures have been used as permeating and solidifying seal coat materials in what could be considered a new generation of preventive maintenance treatments for asphalt pavements (Liang et al., 2019). It has been found that the technical compatibility of cured WEEA mixture is enhanced as the waterborne epoxy content increases over content ranges below 30% (Gu et al., 2019).

Despite the achievements in the research on WEEA mixtures, their application as thin-coat layers remain in the early stages. The shortcomings of the overly high stiffness and brittleness introduced by the waterborne epoxy resin remain to be solved. In practical engineering applications, high levels of stiffness result in enhanced stress on materials under heavy traffic conditions. Furthermore, the lack of thickness of thin-coat WEEA mixtures (which are generally less than 2 cm in depth) makes the material more prone to cracking in winter. To examine the low-temperature durability of thin-coat WEEA mixtures under heavy traffic loads, in this study a WEEA mixture with high strength, good bonding performance, high stability, and reduced brittleness for use as a thin-coating layer for pavement maintenance material was developed.



MATERIALS AND METHODS


Materials


Emulsified Asphalt

The emulsified asphalt used in this experiment was an SBS-modified emulsified asphalt produced by Jiangmen Qiangda Highway Materials Co., LTD. The sample was a dark brown liquid. All technical indices of the material were tested following the Standard Test Methods of Bitumen and Mixtures for Highway Engineering (JTG E20-2011), with the results listed in Table 1.


TABLE 1. Technical parameters of SBS-modified emulsified asphalt.
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Waterborne Epoxy Emulsion and Curing Agent

The water-borne epoxy resin emulsion and curing agent used in the experiments (Shanxi Xinhua Chemical Co. LTD) could be stored stably at −5–40°C. The curing agent was a non-ionic water-soluble epoxy that contained no free surfactants and had a good compatibility with water-based epoxy resin. The agent could be cured at room temperature and directly diluted with water. The technical parameters of the waterborne epoxy resin emulsion and curing agent are listed in Table 2.


TABLE 2. Technical parameters of waterborne epoxy emulsion and curing agent.

[image: Table 2]


Aggregates and Cement

Diabase aggregates were used in the experiment, with all technical parameters tested using the Test Methods of Aggregate for Highway Engineering (2005; JTG E42-2005). Limestone powder was used in conjunction with Portland P.O42.5 cement. The results are listed in Table 3.


TABLE 3. Technical parameters of aggregates.

[image: Table 3]


Mixture Gradation

In consideration of the emulsifying environment requirements of emulsified asphalt, an open graded friction course (OGFC)-5 mixture with a 5.2% asphalt-aggregate ratio was used in the experiment. A designed void of 22% was used to obtain better conditions for demulsifying. The gradation is indicated in Table 4.


TABLE 4. Gradation of OGFC-5.

[image: Table 4]


Test Methods


Asphalt Performance Tests

To test the asphalt performance, waterborne-epoxy-resin-to-curing-agent mass ratios of 2:1, 1:1, and 1:2, with the proportion of water-borne epoxy content in the emulsified asphalt ranging from 5 to 10, 15, 20, 25, and 30%, were used. The WEEAs were prepared using the following cold mixing process: (1) the water-based epoxy resin emulsion was added to the emulsified asphalt, and the mix was stirred for 5 s; (2) the curing agent was then added and the mix was stirred again for 3 min. The performances of the respective WEEAs were studied using fluorescence microscopy, adhesion, and evaporation residue tests.



Particle Dispersion State Observation

A fluorescence microscope uses a color-filtering system to produce a specific wavelength of light to evaluate the uniformity of materials (Johann and Juergen, 2004). By using a fluorescence microscope, the particle size and dispersion state of waterborne epoxy resin in emulsified asphalt can be observed along with the micro-morphology of the resin and asphalt mixture. In this study, three samples were prepared for each mixture ratio. Each asphalt sample has an area of 30 mm2 and an asphalt film thickness of 0.1 mm, as shown in Figure 1. The magnification of the fluorescence microscope was set to 400×.


[image: image]

FIGURE 1. Samples for particle dispersion state observation.




Boiling Water Test

Boiling tests were carried out at 60°C using the Standard Test Methods of Bitumen and Mixtures for Highway Engineering (JTG E20-2011). The maximum nominal particle size of the aggregates used in the tests was 9.5 mm. Three specimens of each WEEA and one control sample without waterborne epoxy resin were tested.



Properties of Evaporative Residue

The effects of the waterborne epoxy resin emulsions added to the emulsified asphalts on the evaporative residual properties of the WEEAs were evaluated via penetration, softening point, and ductility testing.



Asphalt Mixture Performance Tests

Based on the results of Marshall testing, the asphalt-aggregate ratio was set to 5.2%. Water-borne epoxy dosages of 0, 15, and 30% were added, and 3% cement was used. The following mixture-forming steps were adopted: (1) 25 Marshall double-sided compactions were applied to preliminarily mold the specimens; (2) the specimens and molds were placed vertically in a 60°C oven for 12 h, and then another 25 Marshall double-sided compactions were applied; and (3) After demolding, the specimens were placed in a 60°C oven for 36 h. After returning the specimens to the test temperature, follow-up tests were conducted. A similar process was used to obtain rutting specimens.



Anti-sliding Performance Test

The British Pendulum Number (BPN) was used as a measure of the skid resistance of the pavements. Pendulum testing was carried out using Procedure T0964 of the Field Test Method of Subgrade and Pavement for Highway Engineering (2008; JTG E60-2008). As shown in Figure 2, three specimens were tested for each mixture.


[image: image]

FIGURE 2. Pendulum test.


The surface texture depths (TDs) of the asphalt mixture rutting specimens were measured using Procedure T0731 of the Standard Test Methods of Bitumen and Mixtures for Highway Engineering (2011). The TD results were calculated as follows:

[image: image]

where V is the volume of the standard test sand and D is the average diameter of the flat sand.



Rutting Tests

The influence of the WEEA on the high-temperature stability of the mixtures was evaluated using rutting tests, with the dynamic stability index used to quantitatively evaluate rutting performance. Three specimens, each with dimensions of 300 mm × 300 mm × 50 mm, were tested for each material, with the average value of the three taken as the test result for each material. A solid rubber wheel with an outer diameter of 200 mm and a width of 50 mm was used as a test wheel. During the testing, the contact pressure between the test wheel and the specimen was maintained at 0.7 MPa. The rolling speed of the test wheel was 42 times/min and the test temperature was 60°C, as shown in Figure 3.


[image: image]

FIGURE 3. Rutting tests.




Water Stability Tests

Water stability testing was carried out using Procedure T0709 of the Standard Test Methods of Bitumen and Mixtures for Highway Engineering (JTG E20-2011). Twelve Marshall specimens were formed and divided into two groups, one of which was immersed in a constant temperature bath at 60°C for 30 min, while the other was immersed in a constant temperature bath at 60°C for 48 h. The ratio of the average Marshall stabilities of the respective groups was used to evaluate the water stabilities of the mixtures.



Cantabro Tests

The adhesion properties of the asphalt and aggregate in each WEEA mixture were evaluated using the Cantabro test, with the results expressed as the percentage of mass lost by the Marshall specimens after a specified number of rotary hits using a Los Angeles test machine. Four specimens were evaluated for each material, with the average value taken as the test result for each material.



Low-Temperature Bending Tests

Low-temperature bending test were carried out using Procedure T0709 of the Standard Test Methods of Bitumen and Mixtures for Highway Engineering (JTG E20-2011). Each specimen had the dimensions 250 mm ± 2.0 mm (l) ×30 mm ± 2.0 mm (w) ×35 mm ± 2.0 mm (h). The specimens are shown in Figure 4. Testing was carried out at 0 ± 0.5°C and −10 ± 0.5°C at a loading rate of 1 mm/min. For each material, five specimens were fabricated.
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FIGURE 4. Bending test.


The flexural tensile strength RB, maximum flexural tensile strain εB at the beam bottom, and flexural stiffness modulus sB at failure were calculated as follows:
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where b, h, and L are, respectively, the width, height, and length of the specimen, PB is the maximum load at the time of failure, and d is the mid-span deflection at the time of failure.



RESULTS AND DISCUSSION


Asphalt Performance Test Results


Fluorescence Microscopy Analysis Results

The fluorescence results for the asphalt control group without waterborne epoxy and the test groups with different proportions and dosages of waterborne epoxy are shown in Figures 5A,B, respectively.
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FIGURE 5. Fluorescence microscopy analysis results.


From Figure 5A, it is seen that the control asphalt sample turned yellow under the fluorescence microscope. From Figure 5B, at a 5% dosage of waterborne epoxy, all the waterborne epoxy resins are evenly distributed throughout the emulsified asphalt; as a result of the low content of waterborne epoxy resins, no network structure has formed. At a waterborne epoxy dosage of 15%, the oleophilic content of the waterborne epoxy resin and the oil content of the asphalt molecules have attracted each other and gradually formed a network structure. At dosages greater than 20%, the epoxy resin has agglomerated, resulting in unstable WEEA at ratios of 1:1 and 1:2. A comparison of the results by ratio indicate that the best distribution effect is reached at 2:1; thus, we recommend a dosage of waterborne epoxy of 30% with a ratio of 2:1.



Boiling Water Test Results

The water stabilities of the WEEA mixtures are primarily determined by the adhesive properties of the asphalts and the adhesion between the binder and aggregate. The adhesive grade was determined according to the area of spalling, the higher the grade, the better the adhesion property. The results of the water boiling tests are shown in Figure 6, with the asphalt control group without waterborne epoxy resin results shown in Figure 6A, and the test group results shown in Figure 6B.


[image: image]

FIGURE 6. Boiling water test results.


From Figure 6A, it is seen that a large post-testing area of asphalt spall has appeared on the surface of the aggregate, indicating poor adhesion to the aggregate in the emulsified asphalt without waterborne epoxy resin. From Figure 6B, it is seen that increasing the waterborne epoxy dosage decreases the spall area. At dosages greater than 15%, no spalling is observed. For a given waterborne epoxy dosage, the ratio of waterborne epoxy resin emulsion to curing agent has little effect on the adhesion between asphalt and aggregate. The adhesion grade was evaluated by visual observation, with the results shown in Table 5.


TABLE 5. Adhesion level results.

[image: Table 5]It is seen from Table 5 that, because the molecular chain of the waterborne epoxy resin has many polar groups that have strong adsorption capacities with aggregates, adding an appropriate amount of waterborne epoxy resin to the emulsified asphalt can improve the viscosity of the mixture and the adhesion between the asphalt and aggregates. Based on this, we recommend a dosage of waterborne epoxy of greater than 15%.



Evaporative Residue Performance Test Results

Three indices—penetration, softening point, and ductility—were used to represent the viscosity and temperature sensitivity of the asphalts. The test results are listed in Table 6.


TABLE 6. Evaporative residue performance test results.

[image: Table 6]It is seen from the table that increasing the waterborne epoxy resin dosage changes each of these three indices significantly. As a result of the thermosetting property of the waterborne epoxy resin and the spatial network skeleton structure formed after the curing reaction, the evaporative residue gains a high strength and degree of temperature stability; indicating that enhancing the waterborne epoxy dosage makes the skeleton structure denser and the material harder. However, the penetration decreases sharply with dosage as a result of the increases in density and skeleton structure hardness. In the same manner, the ductility increases first and then decreases, while the softening point increases. At a waterborne epoxy dosage of 20%, the softening point increases to above 90°C.



Mixture Performance Test Results

The results of the predetermined anti-sliding performance, rutting, water stability, Cantabro, and low-temperature bending tests are listed in Table 7.


TABLE 7. Results of mixture performance tests.
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Anti-sliding Performance Test Results

It is seen from the table that the BPNs of the mixtures range from 77 to 82 and that all surface TDs are greater than 0.91 mm. Under the Specification for Design of Highway Asphalt Pavement (2017; JTG D50-2017), the surface texture depth requirement of asphalt pavement in humid regions (in which the average annual rainfall is more than 1,000 mm) is not less than 0.55 mm. The anti-sliding performance of the OGFC-5 mixture meets this requirement. It is also seen that the waterborne epoxy resin has little effect on anti-sliding performance.



Rutting Test Results

It is seen from Table 7 that adding waterborne epoxy resin significantly improves the high-temperature stability of the mixture. The rutting depths of the mixture decreases, and the dynamic stability increases with increasing waterborne epoxy dosage. The dynamic stability of the mixture with 30% waterborne epoxy dosage is four times that of the mixture without water epoxy resin; this is because waterborne epoxy resin is a thermosetting resin that produces a post-curing skeleton structure that can improve the ability of the cementing material to resist loading deformation at high temperatures. Increasing the waterborne epoxy dosage improves the adhesion between aggregates and hardens the WEEA, leading to a mixture with a high level of hardness. In addition, the dynamic stability of the WEEA mixture is much higher than the specification requirements, indicating that the mixture has excellent high-temperature stability.



Water Stability Test Results

It is seen from Table 7 that, although the standard and immersion Marshall stabilities of the mixture increases with the waterborne epoxy dosage, the increase obtained at a 15% dosage is not significant. However, increasing the dosage from 15 to 30% causes the Marshall stability to double. Looked at in conjunction with the results of the rutting and bending tests, these results might indicate that different loading methods lead to different results, and the unique loading method used by the Marshall test might not accurately reflect the strengthening effect of the WEEA on the material.

Compared with the mixture without WEEA, which has a residual stability of 86.7%, the residual stabilities of the WEEA mixtures are significantly improved and, in some cases, exceed 100%. This is the result of the hydration reaction of the cement continuing during the 48-h water bath maintenance, resulting in a cured waterborne epoxy product with a crosslinked structure that promotes the strength of the WEEA mixture.



Cantabro Test Results

From Table 7, it is seen that increasing the waterborne epoxy dosage decreases the mass loss in the mixture significantly. The appearances of the post-Cantabro test mixtures are shown in Figure 7. Increasing the waterborne epoxy dosage to 30% decreases the dispersion loss to 16%, indicating that the addition of waterborne epoxy resin helps to improve the cohesiveness of the emulsified asphalt. This result is consistent with that of the boiling water test.


[image: image]

FIGURE 7. Specimens after Cantabro Test.




Low-Temperature Bending Test Results

From Table 7, it is seen that the use of WEEA significantly improves the flexural tensile strengths of the mixture. At the test temperature of 0°C, the flexural tensile strength of the mixture with 30% waterborne epoxy is five times that of the mixture without waterborne epoxy; at −10°C the flexural tensile strength is increased by a factor of nearly four. This result indicates that the WEEA significantly increases the strength of the asphalt mixture in proportion to the waterborne epoxy dosage. The maximum flexural tensile strain of the mixture also increases with the waterborne epoxy dosage. Although the increases in tensile strain are not as large as the increases in tensile strength, this result indicates that the WEEA has increased the deformation capacity of the material to some extent. The WEEA also increases the flexural stiffness modulus of the mixtures These results indicate that the network skeleton structure formed by WEEA increases the bonding effect and deformation ability of the asphalts, thereby enhancing the low-temperature performance of the asphalt mixture.



CONCLUSION

This study investigated the effects of using waterborne epoxy resin to modify emulsified asphalt. Specifically, the effects of waterborne epoxy resin dosage on the uniformity, compatibility, and adhesion of WEEA were studied. Following these assessments, the road performance of OGFC-5 WEEA mixtures were studied. The main conclusions are as follows:

The optimal ratio of the waterborne epoxy resin emulsion and curing agent was found to be 2:1, while the recommended dosage range of waterborne epoxy resin was determined to be 15–30%. The Cantabro test results were consistent with those of the boiling water tests.

The OGFC-5 WEEA mixtures were shown to have relatively good pavement functional performance and high temperature performance. The TDs were all larger than 0.91 mm and the BPNs were all larger than 77.4. The residual stabilities of some of the WEEA mixtures exceeded 100%, and the dynamic stabilities of the WEEA mixtures with 15 and 30% waterborne epoxy dosages were measured at 4,285 and 8,798 times/mm, respectively.

The addition of WEEA significantly improved the low-temperature performance of the mixture. Using 15 and 30% waterborne epoxy resin dosages, the flexural tensile strengths at −10°C were 2.204 and 4.727 MPa, respectively. The maximum flexural tensile strain and flexural stiffness modulus results indicate that the WEEA increased the deformation capacities of the materials.
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A sulpho cement-asphalt emulsion mortar was developed for the repair of damaged cement asphalt emulsion mortar. Various sulfoaluminate/Portland cement and asphalt emulsion/cement mass ratios, as well as emulsion types, were studied with respect to the setting time, rheological properties, volume stability, and mechanical properties of the repair materials in order to determine a reasonable mix proportion. The proper contents of cementitious materials and asphalt emulsion were determined. A possible relationship between the mechanical properties and the asphalt emulsion/cement mass ratio was found based on scanning electron microscopy analysis. Moreover, the shrinkage rates of the repair mortar in the fresh and hardened states showed different trends with an increase in the asphalt emulsion/cement mass ratio. The results shed light on the repair mortar for CA mortar with high efficiency and low cost.
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INTRODUCTION

Cement and asphalt mortar (CA mortar) is the key component of high-speed railways, supporting the weight of the slab track and train and acting as a shock-absorber (Leiben et al., 2018; Najjar et al., 2019). However, under the coupling effects of high-frequency loading and environmental erosion (Zhu et al., 2014; Fu et al., 2015; Le et al., 2019), the CA mortar tends to be damaged or broken, which significantly influences the structural and driving safety (Zhu et al., 2014; Liu et al., 2016). Therefore, this requires effective and rapid repair.

The CA mortar consists mainly of cement and asphalt emulsions. Compared with cement and concrete materials, the CA mortar is typically a low-modulus material owing to its high asphalt emulsion-to-cement ratio (usually over 0.5) (Wang et al., 2015; Liu and Liang, 2017). For example, the modulus values of the CA mortar for the Shinkansen slab (Japan) and the Max Bögl slab (Germany) were 100–300 MPa and 7,000–10,000 MPa, respectively. However, the modulus of the CA mortar for the Max Bögl slab would be 800∼1,200 MPa if tested with the same methods used for the Shinkansen slab.

Repair materials for CA mortar need to meet the following requirements considering the characteristics of the CA mortar:


1) A balance between the workable time and the fast hardening properties: The time allowed for CA mortar repair is usually less than 4 h; thus, repair materials must present sufficient workable time to fulfil the repair section. Moreover, they need to present fast hardening properties (such as sufficient 4 h mechanical properties and a short time interval between the initial and final settings of the repair materials) to guarantee the appropriate early mechanical properties.

2) Compatible modulus and strength: Repair materials for CA mortar should present mechanical properties that are compatible with those of the substrate mortar in order to ensure that the combined repair system withstands the applied stresses and maintains its structural integrity (Rangaraju, 2007). The modulus (28 days) and compressive strength (28 days) of CA mortar are 800–1,200 MPa and over 15 MPa, respectively, which are also the requirements for the repair mortar.

3) Good flowability properties: Since the CA mortar works as a shock-absorber layer between the slab track and the concrete roadbed, with a thickness of about 30–80 mm, it should be highly flowable for grouting (Ouyang and Tan, 2015; Peng et al., 2015; Leiben et al., 2018; Ouyang and Shah, 2018). Thus, the repair mortar needs good flowability to fulfil the repair section with D5 min ≥ 280 mm and D10 min ≥ 280 mm (the slump flow test methods of repair mortar are shown in section Mix Proportions and Experimental Design).

4) Good volume stability: The repair mortar also needs good volume stability to avoid affecting the structure height of the slab track, which is important for the safety of high-speed railways.



The most commonly used repair materials for CA mortar are resin or resin mortar, which have low modulus but are too expensive to be used widely. Moreover, our previous work (Liu et al., 2014) has shown that resin mortar may not bond well with CA mortar because of the oily and hydrophobic interface created by the high content of asphalt. Sulphoaluminate cement (SAC)-based repair materials, with good repair properties and low costs, have found wide applications and have drawn much attention in the cement and concrete repair fields. However, their modulus is too high for CA mortar repair. Some polymer latex or polymer powder has been added to cement mortar to improve its adhesive and water-proof properties (Ramli and Tabassi, 2012; Muhammad et al., 2015; Göbel et al., 2018). However, the polymer content was low (the polymer emulsion to cement mass ratio usually 0.05–0.15) so that its modulus was still higher than that of CA mortar (Göbel et al., 2018) which means that it may not meet the low modulus requirements for CA mortar repair.

The purpose of this study is to develop, using high asphalt content, sulphoaluminate cement-based repair materials with low modulus and ensure the cost is kept low. The effects of key components such as cementitious materials and asphalt emulsion on the properties and microstructure of repair mortar were studied.



MATERIALS AND EXPERIMENTAL METHODS


Raw Materials


1) Cement: Ordinary Portland cement P.O 42.5 (PC) and sulfoaluminate cement SAC 42.5 were used in this study. The composition and properties of the cements are listed in Table 1.




TABLE 1. Composition and properties of PC and SAC cement.

[image: Table 1]

2) Asphalt emulsion (AE): Anionic asphalt emulsions were used in this study. The emulsifier dosage was 2.0%. The properties are listed in Table 2.




TABLE 2. Properties of asphalt emulsion.

[image: Table 2]

3) Fine aggregate: River sand with an apparent density of 2,630 kg/m3 was used. The water absorption rate was 1.8% and the mud content was 0.4%.

4) The superplasticizer (SP) used was a polycarboxylic high-performance water reducer with 20.0% solid content and 26.6% water-reducing ratio.

5) The deformer (DF) used in this study was silicone based with 30.1% solid content and a pH value of 8.2.





Mix Proportions and Experimental Design

The experimental design is shown in Figure 1. The main objective of this study is to determine the mix proportion of repair materials, which includes the composition of dry powder and the asphalt emulsion contents.


[image: image]

FIGURE 1. Experimental design.


The cement-asphalt emulsion paste was prepared to investigate the effect of different SAC/PC ratios on the setting time. The mix proportion of SAC-PC paste is shown in Table 3. The asphalt emulsion/cement ratio (A/C) and water-to-cement ratio (w/c) were both 0.4. The water in the asphalt emulsion was also taken into account when calculating w/c.


TABLE 3. Mix proportion of sulphoaluminate cement and Portland cement.

[image: Table 3]The effect of the SAC/PC ratio on the mechanical properties of the repair mortar was studied by testing the mortar strength. The mortar was prepared with cement/standard sand mass ratio c/s = 1:2, A/C = 0.4, and w/c = 0.4. The superplasticizer content was 1 wt% of the cementitious materials.

The mineral powders improved the rheological properties of the mortar. Two different types of mineral powder, fly ash and slag powders, were employed to prepare the SAC paste. The w/c and the A/C ratios were 0.4 and 0.3, respectively.

To investigate the effect of the A/C ratio on the rheological properties of the pastes, SAC-AE pastes with A/C ratios varying from 0 to 0.7 were prepared with w/c = 0.4. The amount of water in the asphalt emulsion was incorporated into the calculation of the w/c ratio.

According to the results above, the dry powder content of the repair materials could be determined. Then, the effects of different A/C ratios on the mechanical, rheological, and volume stability properties were investigated to determine the proper A/C ratio and evaluate the performance of the repair mortar.



Experimental Methods


Setting Time

The method was developed based on the standard specification for the test of setting time of cement paste (AQSIQ, 2001) and reported before (Wang et al., 2008). The paste was prepared in a mold, and every 30 min a steel needle penetrated the grout from the upper surface, and after 30 s, the depth was read. The setting process can be characterized by plotting the depth against time.



Slump Flow Property Tests

The slump flow property of the repair mortar was tested according to the Chinese Railway Specification (2008). The mortar was poured into a tube (inner diameter D = 50 mm, height H = 190 mm) and its diameter was measured until the grout stopped flowing, after this the tube was elevated by 15 cm.



Rheological Properties Test

A 350-mL SAC-AE sample was used for rheological measurements using an R/S-SST rheometer manufactured by Brookfield (Middleboro, Massachusetts). The shear rate underwent 2 equal rounds, increasing from 0 to 150 s–1 (ascending stage) within 30 s and then decreasing from 150 s–1 to 0 (declining stage) within the same time.



Shrinkage Test

The expansion rate of the repair mortar in the fresh state was measured using cylinder methods, as shown in the Chinese Railway Specification (2008). The fresh repair mortar was poured into a 250 ml graduated flask with its surface covered with plastic film to prevent moisture exchange. The initial depth of the mortar (h0) and its depth at a different time (ht) were measured using a Vernier caliper with a precision of 0.02 mm. The shrinkage rate was calculated using Equation (1):

[image: image]

Where P is the expansion rate (%), ht is the depth of the mortar after t min (mm), and h0 is the initial depth after casting (mm).

The shrinkage rate of hardened RM was measured according to the specifications of the National Development Reform Commission (2004). The mortar was prepared with dimensions of 25 × 25 × 280 mm, and then cured for 24 h in a standard curing box at a temperature of 20 ± 3°C and a relative humidity over 90%. After it was cured in water at a temperature of 20 ± 1°C for 2 days, the mortar was removed and wiped clean before the initial length L0 was measured. Then, it was continuously cured in a curing box at a temperature of 20 ± 3°C and a relative humidity of 50 ± 4%. The sample length at different curing times, Lt, was measured. The shrinkage rate was calculated according to Equation (2):

[image: image]

Where S is the shrinkage rate of the sample (%), Lo is the initial length of the sample (mm), and Lt is the sample length at different curing times (mm).



Test of Mechanical Properties

Specimens with dimensions of 40 × 40 × 160 mm were tested using a Materials Testing System with a constant loading rate of 0.05 KN/s for the flexural test and 0.5 KN/s for the compressive test according to AQSIQ (1999).

The test method of the repair mortar modulus is as follows; the sample is loaded to 800 N with a loading rate of 1 mm/min and then unloaded with the same rate according to the Chinese Railway Specification (2008). This process was repeated 4 times, and the stress and strain of 3/4 and 0.5 MPa in the fifth test curve were taken and calculated as follows:

[image: image]

Where E is the modulus of the sample, h is the height of the sample, σb is the compressive strength of the 3/4 part of the fifth test curve, σa is 0.5 MPa, b is the strain of the 3/4 part in the fifth test curve, and a is the strain of 0.5 MPa in the fifth test curve.



SEM Test

The microstructure of the SAC-AE paste was examined using an S-3400N scanning electron microscope (SEM) (Hitachi, Japan).



XRD Analysis

The XRD curves of the SAC-AE paste were measured with non-monochromatic Cu Kα X-ray radiation at 40 kV and 40 Ma, and recorded from 5° (2θ) to 75° (2θ).



RESULTS AND DISCUSSION


Effect of the SAC/PC Ratio on the Setting Time of SAC/PC-AE Pastes

The setting time of the (SAC/PC)-AE paste is shown in Figure 2. The addition of SAC significantly decreased the setting time. When the SAC content was 0, the initial and final setting times of the pure PC-AE paste were 878 and 1,035 min, respectively. When the SAC/PC ratio was over 1:1, the setting time of the (SAC/PC)-AE paste sharply decreased. The initial and final setting times of S6 (SAC/PC ratio of 6:4) were ~15 and 27 min, respectively. Then, the setting time became stable when the SAC content further increased. This is significantly different from the SAC/PC pastes whose setting time would first decrease and then increase with the increase in the SAC content (Chen et al., 2007). The different results can be attributed to the addition of the asphalt emulsion. The setting time of the SAC/PC-AE paste is governed by both the cement hydration speed and the asphalt emulsion demulsification speed. The stable initial setting time of the composite paste indicated that the asphalt emulsion demulsification speed was the main factor controlling the setting time.


[image: image]

FIGURE 2. Setting time of composite cement and asphalt emulsion paste.


The composite cement in the wide mix proportion range would lead to a sharp decrease in the setting time. When the SAC/PC ratio was 1:1, the difference between the initial and final setting times of the SAC/PC-AE paste was only 7 min. XRD patterns (Figure 3) showed that the substitution of 50% PC by SAC led to stronger AFt peaks and weaker C4A3 [image: image] peaks. This is because the C4A3[image: image] in SAC and C3S in PC have mutual promotion effects on the cement hydration process, which accelerates the setting process.


[image: image]

FIGURE 3. XRD results of composite paste with different SAC/PC ratio.




Effect of the SAC/PC Ratio on the Mechanical Properties of the SAC/PC-AE Mortar

The effect of SAC/PC on the mechanical properties of the composite paste is shown in Figure 4. As can be seen, the flexural and compressive strengths first decreased and then increased with the increase in the SAC content. The strength decreased when the SAC content varied from 20 to 80%. This is because when the SAC content changed from 20 to 80% and therefore the SAC/PC paste showed a faster hydration speed according to the results in section Effect of the SAC/PC Ratio on the Setting Time of SAC/PC-AE Pastes. The hydration products of SAC and PC do not have enough time to form a dense microstructure, thus decreasing the compressive strength. Moreover, an obvious fast setting appeared when the SAC content was of 50–80% as shown in Figure 2. Thus, the SAC/PC ratio was 90/10 when considering both the setting time and mechanical strength results.


[image: image]

FIGURE 4. Effect of SAC/PC on the mechanical properties of repair mortar. (A) Flexural strength. (B) Compressive strength.




Effect of Mineral Mixture on the Rheological Properties of Sac-Ae Pastes

Figure 5 compares the effect of the mineral mixture on the rheological properties of the SAC-AE pastes (A/C = 0.3, w/c = 0.4). The curves in the ascending stage could be fitted according to the Bingham model (Peng et al., 2015) and the results are listed in Table 4. The addition of fly ash (FA) and mineral powder (MP) reduced yielding stress. The addition of 10% mineral powder (MP) showed the best improvement. This could be attributed to the improvement of the cement grain grading by mineral powder, which released more free water and improved the rheological properties.


[image: image]

FIGURE 5. Effect of mineral material on the rheological properties of the SAC-AE paste. (A) Fly ash. (B) Mineral powder.



TABLE 4. Effect of mineral material on the rheological properties of the SAC-AE paste.

[image: Table 4]


Effect of Asphalt Emulsion Content on the Mechanical Properties and Microstructure of Repair Mortars

According to the above results, the composition of 1,500 kg dry powder was determined as follows: SAC 415 kg, PC 45 kg, mineral powder 40 kg, and river sand 1,000 kg. The dry powder was then used to prepare the repair mortar, as shown in Table 5. The effect of the A/C ratio on the mechanical properties of the repair mortar is shown in Figure 6.


TABLE 5. Modulus of repair mortar (kg/m3).
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FIGURE 6. Influence of asphalt content on the properties of repair materials. (A) Flexural strength. (B) Compressive strength.


As can be seen, the strength of the repair mortar sharply decreased with an increase in the A/C ratio. The 4 h compressive strength of the repair mortar decreased from 16.8 to 9.6 MPa, i.e., by 42%, when the A/C ratio increased from 0 to 0.1. However, when the A/C ratio increased to 0.3, the strength changed slightly. When the ratio continually increased to 0.5, the strength decreased sharply again and slightly changed when A/C = 0.7. The same trend could be found for the mortar at 1–56 days age. Coupling with the effect of A/C ratio on the repair mortar modulus (shown in Table 5), the A/C ratio is determined as 0.3, which is compatible with the modulus of substrate CA mortar (800–1,200 MPa).

Figure 7 shows the microstructure of the repair mortar with different A/C ratios at 4 h. A significant amount of needle-shaped AFt can be observed in the mortar when A/C = 0. A small asphalt film was found on the surfaces of the hydration products when A/C = 0.1 and 0.3. When A/C increased to 0.5 and 0.7, most hydration product surfaces were coved with the asphalt film. It can be concluded that when the A/C ratio was less than 0.3, there was no successive asphalt film in the mortar. When the A/C ratio was 0.3, the asphalt cement ratio by volume (VA/VC) was ~0.91. Ouyang’s work (Ouyang et al., 2018) also showed that when VA/VC was above 1, a continuous asphalt membrane could form in the cement asphalt paste. When VA/VC was less than 1, no conspicuous continuous asphalt membrane was observed. Therefore, the compressive strength of the SAC-AE repair materials sharply decreased again when the A/C ratio increased from 0.3 to 0.5 and slightly changed when A/C = 0.7.


[image: image]

FIGURE 7. Microstructure of the repair mortar with different A/C ratios (4 h).




Effect of Asphalt Emulsion Content on the Flowability of Repair Mortars

The effect of the A/C ratio on the spreading of the repair mortar is shown in Figure 8. The spreading first increased and then decreased with an increase in the A/C ratio. When A/C was 0.3, the mortar had an optimum spreading of 330 mm. The results coincided with the viscosity results of the composite cement paste shown in Figure 9. The flowability of cement paste can be improved by decreasing its apparent viscosity (Ouyang et al., 2016). Indeed, the SAC-AE paste with a decreased viscosity showed better flowability in the repair mortar. The SAC-AE paste with an A/C ratio of 0.3 had the lowest viscosity; thus, the repair mortar had the optimum flowability. This could be attributed to the improvement of anionic emulsion addition on the rheological properties of the SAC-AE pastes. The zeta potentials of the anionic emulsion and SAC hydration product AFt were ~-70 and +4.53 mV, respectively. When the A/C ratio was 0.3, the absorbed asphalt particles on the AFt surfaces showed a good dispersion effect and improved the rheological performance (Liu et al., 2019).


[image: image]

FIGURE 8. Effect of A/C ratio on the spreading properties.



[image: image]

FIGURE 9. Viscosity of SAC-AE pastes.




Effect of Asphalt Emulsion Content on the Volume Stability of Repair Mortars

Figure 10A shows the expansion rate variation of the repair mortar with different A/C ratios with 0–2 h curing time. As it can be seen, the expansion rate was negative, indicating that it shrank. The shrinkage rate increased with increasing A/C ratio. The shrinkage of the repair mortar in the fresh state could be attributed to the quick burst of many bubbles induced by the emulsifier in the asphalt emulsion. The air content increased and density decreased (Table 6) with an increase in the A/C ratio. These bubbles were burst by SAC hydration, which decreased the mortar height. When SAC continued hydration, the AFt amount increased, which made the mortar denser and thus reduced the shrinkage rate.


[image: image]

FIGURE 10. Volume stability of cement-based repair material with low modulus. (A) Early age time (0–2 h) properties. (B) Long-term properties.



TABLE 6. The air content of repair mortar with different A/C ratios.

[image: Table 6]As shown in Figure 10B, the long-term shrinkage rate of repair materials decreased with an increase in the A/C ratio. The mortar shrinkage was mainly caused by water evaporation in the pores. When the asphalt emulsion content increased, the asphalt droplets absorbed the surfaces of SAC and decreased the water evaporation in the pores. Moreover, this may be because the addition of an asphalt emulsion changes the pore structure in the mortar, this requires further investigation.

Figure 10B also compares the shrinkage rates of PC, SAC, and PC/SAC pastes with different curing times. As can be seen, the shrinkage rate of PC mortar increased with curing time. The SAC and SAC/PC pastes showed a lower shrinkage rate and were stable with an increase in curing time. Moreover, the SAC/PC paste showed a lower shrinkage rate. This could be attributed to the accelerating effect on cement hydration by the addition of PC. More AFt was generated in the early stages, which could compensate for the mortar shrinkage.



CONCLUSION


1) The optimum mix proportion of the repair materials was determined. The proper SAC/PC ratio was 90/10. The addition of 10% mineral powder improves the rheological properties of repair mortar. Repair mortar with an A/C ratio of 0.3 has proper mechanical properties, optimum flow-ability, and volume stability.

2) The composition of SAC and PC in a wide mix proportion would have an adverse effect on the setting time and strength of composite pastes due to the mutual promotion effect on SAC and PC hydration.

3) The mechanical properties and structure of the repair mortar were determined by the A/C ratio. When A/C ≤ 0.3, the asphalt droplets could not form the successive film structure and the asphalt film existed in the dispersed phase. When A/C> 0.3, the asphalt phase changed from the dispersed phase to a successive phase.

4) The shrinkage rate of repair materials increased and decreased with an increase in the A/C ratio in the early and late stages, respectively. In addition, the composite of SAC and PC could reduce the shrinkage rate, which could be attributed to accelerated SAC hydration by the addition of PC.
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Cement asphalt emulsion mixture (CAEM) presents low early-age strength and poor flowability, which limits its application range at a certain degree. In this paper, CAEM with high early-age strength and flowability was proposed. The flowability, compressive strength, flexural strength of CAEM at different periods and 28 days elastic modulus of CAEM were investigated. In addition, evolution of composition and microstructure of CAEM was analyzed by X-ray diffraction (XRD), scanning electronic microscope (SEM), and mercury intrusion porosimetry (MIP). The results indicated that the compressive strength of CAEM can be enhanced quickly in several hours. It could achieve 17–24 MPa at 6 h and almost reached 79–90% of the 28 days compressive strength. SEM and XRD analysis found that the hydration products in CAEM at different periods were obviously different. The hydration products of 2 h filled the micro pores of the mixture. After 28 days, the hydration products were connected to each other, resulting in a denser structure. The results of MIP analysis showed that the pore cumulative volume of CAEM was similar for 2 h and 28 days samples. These results testified that CAEM had high early-age strength.

Keywords: cement asphalt emulsion mixture, high early-age strength, high flowability, mechanism, microstructure characteruizations


INTRODUCTION

Cement asphalt emulsion mixture (CAEM) is an organic-inorganic composite material formed by the combination of hydration of cement and demulsification of emulsified asphalt. CAEM has been widely used in road maintenance and rehabilitation due to the combined merits of the high mechanical properties of cement materials and the flexibility of asphalt materials, low environmental impact, and cost effectiveness (Zhong and Chen, 2002; Lu et al., 2009; Qiang et al., 2011; Doyle et al., 2013; Tian et al., 2013; Tyler et al., 2014; Ling et al., 2016; Ouyang et al., 2020). Despite the aforementioned benefits of CAEM, there is a defect that the corners cannot be fully compacted and result in a poor adhesion between new and old materials due to the poor rheological property of CAEM (Hu et al., 2009; Dołżycki et al., 2017; Liu and Liang, 2017). There will be secondary damage occurred on the repair site when it is exposed to the adverse weather such as rainfall or freezing and thawing. In addition, repair materials should meet the strength requirements to early open to traffic at different conditions. Studies have shown that it took a long time for repair materials to reach their full strength (Qiang et al., 2011; Fang et al., 2016; Liu and Liang, 2017; Du, 2018). Therefore, in order to improve the strength of the road and early open to traffic, the properties of the new CAEM must satisfy the requirements of good flowability and high early-age strength.

It is a common belief that increasing the dosage of cement could effectively improve the strength of CAEM (Lu et al., 2009; Yan et al., 2017; Ouyang et al., 2018). Yan et al. (2017) has studied the early strength of the asphalt emulsion mixture with various cement contents, and the results showed that the addition of cement to asphalt emulsion mixture improved its early-age strength. With the increase of cement content, the strength of mixture increased. However, excessive contents of cement may cause cracks in the pavement. Liu and Liang (2017) has reported that the flow time increased with the increase of asphalt to cement ratio (A/C), while the compressive strength, and 28 days elastic modulus showed the opposite trend. Lin et al. (2015) has studied the mechanism of early strength of CAEM and concluded that cement played a major role in the first 3-day of early strength, while emulsified asphalt played the predominant role in both early and final strength. Therefore, the effect of A/C on the early strength of CAEM is important. Studies have reported that the type of asphalt would also affect the strength of CAEM. Normally, both cationic and anionic asphalt emulsion are utilized in different types of CAEM. Research works conducted by Plank and Hirsch (2007), Tan et al. (2013), Ouyang et al. (2016), Li et al. (2018), etc. have shown that the anionic asphalt emulsion was more suitable than cationic asphalt emulsion for formulating CAEM when a higher strength was required. Therefore, an anionic asphalt emulsion was selected in the selection of materials in order to improve the strength of the CAEM.

As is well known, the water to cement ratio (W/C) exerts a major influence on the flowability of cement concrete and can be expected to have an important effect on the flowability of CAEM. Ouyang et al. (2019b) has studied the effect of water content on mechanical properties of cement bitumen emulsion mixture and recommended that the optimum water content of cement bitumen emulsion mixture should be determined by the maximum indirect tensile strength in the mix design. In addition, the emulsified asphalt contains moisture, Ouyang and Shah (2018) also reported that the dosage of asphalt emulsion was the main factor influencing the rheological property of the fresh cement asphalt emulsion mortar. It was verified that the pore structures of hydration products had remarkable influences on the mechanical properties and durability of cementitious materials (Zhou et al., 2018; Zhou et al., 2020a, b), and were affected by W/C ratio obviously. Therefore, it is necessary to systematically study the high flowability properties and microstructure of CAEM with various W/C ratios.

In this paper, a new kind of CAEM with high early-age strength and flowability was proposed, the flowability, compressive strength, and flexural strength of CAEM at different periods and 28 days elastic modulus of CAEM were investigated. Additionally, X-ray diffraction (XRD), Scanning Electron Microscope (SEM), and mercury intrusion porosimetry (MIP) were used to characterize the microstructure evolution of the CAEM. The research results would provide reference parameters for pavement construction.



MATERIALS AND EXPERIMENTAL METHODS


Materials

The selection and basis of materials were list as following:


(1)Asphalt emulsion: asphalt emulsion with evaporated residue content of 60.0% was prepared. The properties of asphalt emulsion are shown in Table 1. The test methods of asphalt emulsion were in accordance to Chinese Standard JTJ E20-2011.

(2)Cement: in order to obtain high early-age strength of CAEM, Sulphoaluminate cement (SAC 42.5), and Portland cement (P.O 42.5) were mixed with a ratio of 2:8 (wt%). The properties of cement are given in Table 2. The test methods of cement were in accordance to Chinese Standard GB 175-2007.

(3)Aggregate: the coarse aggregates used in this paper were crushed natural aggregates with continuous grading and the fine aggregates used were natural sand. The max particle size of coarse aggregates was 20 mm, the crushing value, sediment percentage, needle and sheet percentage of the coarse aggregates were 12.6, 0.5, and 8.5%, respectively. The fineness modulus of natural sand was 2.8, plotted in Zone II according to Chinese Standard JTG E42-2005.

(4)Additives: Studies (Tan et al., 2013; Ouyang et al., 2019a; Ouyang et al., 2020) have shown that adding additives could effectively improve the performance of CAEM. United expansing agent (solid content 30.1% and density 2750 kg m–3) and polycarboxylate superplasticizer (water reducing rate 25%) were added to improve the volume stability and flowability of CAEM. Additionally, organic silicon defoamer (PH = 7) was used to reduce air void content of CAEM, the compound admixture was used to control the setting time of CAEM, which was a mixture of boracic acid (H3BO3) and lithium carbonate (Li2CO3) in a ratio of 4:1 (wt%).




TABLE 1. Properties of asphalt emulsion.
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TABLE 2. Properties of cement.
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Mix Proportions

The raw materials were mixed in the bowl in this order: Firstly, aggregate and half of water mixed together for about 2 min; Secondly, the blended cement and additives mixed together for about 2 min, and then the remaining water and asphalt emulsion mixed together for 5 min until a homogeneous CAEM was obtained.

Mix proportions of CAEM are listed in Table 3. The water mentioned in the mix proportion does not include the water in the asphalt emulsion.


TABLE 3. Mix proportions of CAEM.
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Experimental Methods


Flowability

The flowability of fresh CAEM was measured by the slump of the mixture according to the practical experience and Chinese Standard JTJ E30-2005.



Early-Age Mechanical Properties

The early-age mechanical properties of CAEM were quantified by compressive strength and flexural strength at 2 h, 6 h, 3 days, and 28 days, respectively. Cubic specimens with the dimension 100 mm × 100 mm × 100 mm were utilized for compressive strength. Beam specimens of 100 mm × 100 mm × 400 mm were used for flexural strength. Beside this, 28 days elastic modulus of CAEM was carried out on the specimens of 150 mm × 150 mm × 300 mm (according to Chinese Standard JTJ E30-2005). Three specimens were prepared for each test result. The specimens were prepared with concrete vibrator, and all specimens were cured at a temperature of 20 ± 2°C and a humidity of 95% (RH) until the testing date.



XRD, SEM, and MIP

X-ray diffraction was used in this study to observe the hydration of blended cementitious materials of CAEM. CAEM specimens were ground to a powder and passed through a 63 μm sieve for XRD analysis (Bołtryk and Małaszkiewicz, 2013).

Scanning Electron Microscope was used to observe the microstructure characterization of CAEM. The cured specimens were shaped to cube with 1.5 cm by side length. Then, the surface of the samples was sputter covered with a thin layer of gold before the SEM observation (Likitlersuang and Chompoorat, 2016; Li et al., 2018).

Pore cumulative volume and pore size distribution of CAEM were measured by an Auto Pore IV 9510 MIP. Crushed pieces of the samples were soaked in an absolute ethyl alcohol solution to stop the hydration before MIP test (Wang et al., 2017).



RESULTS AND DISCUSSION


Flowability

Figure 1 shows the flowability results of fresh CAEM with various A/C ratios and various W/C ratios. It can be seen that the flowability of fresh CAEM was strongly affected by both A/C ratio and W/C ratio. As shown in Figure 1, the flowability of CAEM decreased with the increase of A/C ratio. A possible explanation was that the increase of A/C ratio caused the cement and asphalt emulsion to aggregate together, then entrapping water, and resulting in the decrease of flowability of CAEM (Wang et al., 2015). On the contrary, the flowability of CAEM increased with the increase of W/C ratio, and the slump reached almost 220 mm when the W/C ratio was 0.32.
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FIGURE 1. Flowability of CAEM.


It can also be concluded from Figure 1 that in order to obtain greater flowability of CAEM (the slump more than 200 mm), the A/C ratio, and W/C ratio can be adjusted based on the experimental experience.



Early-Age Mechanical Performance


Compressive Strength

Figure 2 shows the compressive strength results of CAEM with various W/C ratios and A/C ratios after 2 h, 6 h, 3 days, and 28 days of curing. From Figure 2, it can be concluded that the compressive strength of CAEM could reach more than 10 MPa at 2 h age, due to the use of composite cement in the mixture. It also can be seen that a significant reduction in the compressive strength of CAEM was obtained as the W/C ratio increased. As the W/C ratio increased from 0.30 to 0.32, the compressive strength decreased by up to 32.1% at 2 h, and 13.3% at 28 days, respectively. This indicated that increasing W/C ratio provides a negative effect on the compressive strength of CAEM.
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FIGURE 2. Compressive strength of CAEM.


It should be noted that the change trend of A/C was consistent with that of W/C. As the A/C ratio increased from 0.18 to 0.30, the compressive strength decreased by up to 38.6% at 2 h and 23.3% at 28 days. With the increase of A/C, the compressive strength decreased due to the droplets of asphalt emulsion dispersed in the cement matrix. In addition, the compressive strength at 6 h was approximately 79–90% of the 28 days compressive strength of CAEM, which almost reached 17–24 MPa. As is well known, the hydration rate of calcium sulfoaluminate cement is very fast compared to Portland cement, so that a good supply of hydration products are generated during the initial hydration period of CAEM, and the porosity is filled by the main hydration products, which contributes to the rapid increase of the early strength of CAEM.



Flexural Strength

Figure 3 shows the flexural strength results of CAEM with various W/C ratios and A/C ratios. From Figure 3, it can be seen that the flexural strength of CAEM decreased with the increase of W/C ratio or A/C ratio. The increase in A/C resulted in a more significant reduction in flexural strength of CAEM, indicating that the structure formed by cement hydrates could be weakened by the addition of asphalt emulsion. The flexural strength of W/C 0.30, W/C 0.31, and W/C 0.32 at 6 h were approximately 92.8, 94.5, and 95.3% of the 28 days strength of CEAM, respectively. The flexural strength curve tended to be stable after 6 h, indicating that the flexural strength mainly depended on the structure formed by cement hydrates before 6 h. However, the flexural strength of CAEM was still slightly increasing after 6 h due to the water present in the asphalt emulsion was still slowly released as the A/C ratio increased and the cement continued to hydrate.
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FIGURE 3. Flexural strength of CAEM.




Compressive Strength -Flexural Strength Ratio

The compressive strength -flexural strength ratio (C/F ratio) can reflect the toughness of the material. In general, the smaller C/F ratio means the better material toughness and better impact resistance. Conversely, the greater of the C/F ratio, the more brittle the material is, and the worse the impact resistance against the external.

Figure 4 shows the C/F ratio of CAEM with various W/C ratios and A/C ratios. As can be seen from Figure 4, the C/F value increased as the curing time increased, and it increased slightly after 6 h. The higher W/C ratio of CAEM, the lower C/F ratio, indicating that the higher toughness of CAEM. Similarly, the higher A/C ratio of CAEM, the lower C/F ratio, which means the higher the toughness of CAEM.
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FIGURE 4. Compressive strength -flexural strength ratio of CAEM.




28 Days Elastic Modulus

From Figure 5, it can be clearly seen that when the W/C ratio was 0.30, the 28 days elastic modulus of CAEM was consistent with that of W/C ratio was 0.31. However, the 28 days elastic modulus of CAEM suddenly decreased when the W/C ratio was 0.32, indicating that the optimum W/C ratio should be less than 0.32. In addition. As Figure 5 depicts, a reduction in the 28 days elastic modulus of CAEM was observed as the A/C ratio increased. As the A/C ratio increased from 0.18 to 0.30, the 28 days elastic modulus decreased by 11.6 and 32.5%, respectively, which indicated that the higher content of asphalt emulsion, the lower 28 days elastic modulus of CAEM.
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FIGURE 5. 28 days elastic modulus of CAEM.




Microstructure Characterization


Microstructure Analysis

Figures 6A,B show the microstructure of CAEM at different curing time. From Figure 6A, it can be clearly observed that there was a large amount of needle shape crystals in the early hydration process, which filled the micro-pores of mixture and improved the strength of CAEM. In addition, the cement hydration consumed a portion of the water that occupied the micro air void spaces between asphalt emulsion and sand, which had a stiffening effect on CAEM (Fu et al., 2014). As CAEM continued to hydrate, C-S-H gels became the main binding phase in CAEM, the strength of hardened CAEM depended on the ability of the C–S–H to bind effectively other products of hydration and aggregates (Fu et al., 2014). It can be observed from Figure 6B that hydration products were interconnected in CAEM, resulting in the structure formed was much denser.
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FIGURE 6. (A) Microstructure of CAEM at 2 h. (B) Microstructure of CAEM at 28 days.


In order to observe the detailed information about the structure of crystalline substances, XRD was used in this study to obtain qualitatively phase composition of materials and identify crystalline phases of materials.

Figures 7A,B present X-ray diffractograms of the hydration products of CAEM after 2 h and 28 days curing time. From Figures 7A,B, it can be clearly observed that the hydration products of CAEM including calcium silicate hydrates (C-S-H gel), ettringite (AFt), 3CaO,⋅Al2O3,⋅CaSO4,⋅nH2O, (AFm), Ca(OH)2, (CH), and a small amount of unhydrated cement particles. The early hydration of CAEM was very fast, producing a large amount of ettringite (AFt). With the hydration continued, the amount of AFt in CAEM began to decrease. In contrast, the amount of C-S-H gels kept increasing.


[image: image]

FIGURE 7. (A) Hydration products of CAEM at 2 h. (B) Hydration products of CAEM at 28 days.




Pore Structure Analysis

In order to determine the effect of W/C ratio and A/C ratio on the pore structure of the CAEM, MIP was used in this study to characterize the pore structure of the CAEM for 2 h samples and 28 days samples. The test results as shown in Figures 8, 9.
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FIGURE 8. Pore cumulative volume of the CAEM at the age of 2 h and 28 days.
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FIGURE 9. (A) Pore size distribution of the CAEM with various W/C ratios. (B) Pore size distribution of the CAEM with various A/C ratios.


Figure 8 presents the cumulative pore volume of CAEM with various W/C ratios and A/C ratios. From Figure 8, it can be seen that the cumulative volume of CAEM of 2 h samples and 28 days samples were similar, which indicated that the early hydration of CAEM was very fast at early-age and the hydration products were sufficient. It can also be seen from Figure 8 that the cumulative pore volume of CAEM increased with the increase of A/C ratio, possibly due to the asphalt emulsion resulted in the increase of the pore volume. With the increase of W/C, the cumulative pore volume of CAEM showed a similar law.

Figures 9A,B present the pore size distribution of the CAEM with various W/C ratios and A/C ratios. Wu (1988) proposed a classification of the pores into harmless pores (<20 nm), less harmful pores (20 ∼ 50 nm), harmful pores (50 ∼ 200 nm), and multiple harmful pores (>200 nm) according to the pore size, and pointed out that only the reduction of harmful pores and the addition of harmless pores could improve the mechanical properties and durability of concrete.

From Figure 9A, it can be concluded that the proportion of multiple harmful pores (>200 nm) of CAEM increased slightly with the increase of W/C ratio, indicating that excessive moisture provided a negative effect on the pore size distribution of CAEM. As can be seen from Figure 9B, the proportion of multiple harmful pores (>200 nm) of CAEM increased with the increase of A/C ratio, while the proportion of harmless pores (<20 nm) of CAEM decreased with the increase of A/C ratio. It can be explained that as the viscosity of CAEM increased with the increase of A/C, resulting in that it difficult for air bubbles to be discharged, which were introduced by CAEM during the process of mixing.



CONCLUSION

The high early-age strength and flowability of CAEM were studied in this paper, and evolution of microstructure of CAEM was analyzed by XRD, SEM, and MIP to reveal the hardening mechanism of CAEM. Based on the experimental results, the following conclusions can be drawn:


(1)The flowability of fresh CAEM is strongly affect by both A/C ratio and W/C ratio. The flowability of CAEM decreases with the increase of A/C ratio, while the flowability of CAEM increases with the increase of W/C ratio.

(2)The compressive strength of CAEM reaches 17–24 MPa after 6 h curing, which is almost 79–90% of the 28 days compressive strength of CAEM. The flexural strength of CAEM for 2 h samples can reach more than 4 MPa. The change trend of flexural strength is consistent to the compressive strength of CAEM, which indicate that increasing W/C ratio, or A/C ratio provide a negative effect on the mechanical properties.

(3)The smaller A/C value should be selected as much as possible in order to obtain high flowability of CAEM. As W/C increases, the flowability of CAEM increases, but the compressive strength of CAEM decreases, so the W/C value should be moderate in order to ensure the high early-age strength of CAEM.

(4)From SEM pictures of CAEM, it can be concluded that in the early period of CAEM hydration, the hydration products filled the micro pores of the mixture. And with the continued hydration, the hydration products were connected to each other, resulting in a denser structure. In addition, from MIP test results, it can be seen that the proportion of multiple harmful pores (>200 nm) of CAEM increases with the increase of W/C ratio or A/C ratio, indicating that increasing A/C ratio, or W/C ratio provide a negative effect on the pore size distribution of CAEM.
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An effective stress absorption layer can reduce the reflection crack. It can help to extend the service life of road. In this research, an enhanced stress absorption layer of slow crack (ESALOSC) is proposed and compared with the ordinary SBS modified asphalt stress absorbing layer. The strain data of two stress absorption layers under different loads, speeds and temperatures are collected by embedding sensors in the road, and the dynamic response laws of the two stress absorption layers under different conditions are analyzed. The results show that the asphalt pavement is a viscoelastic body and the measured results are consistent with the theoretical solution of layered elasticity: both stress absorbing layers are subjected to pressure. According to the comparison between dynamic overload test and static overload test, the strain deviation between the two sections increases from 11.6% of static load to 25.2% of dynamic load (40 km/h). It indicates that the reinforced effect of geogrid is more obvious under dynamic load. By establishing the relationship between vehicle speed and dynamic response, a vehicle speed and dynamic response model for the ESALOSC is proposed. Based on the test data measured at four temperatures, a model of the temperature and dynamic response in the ESALOSC is proposed. The accuracy and effectiveness of the two models are verified by comparing with other experimental results. The ESALOSC is of great significance for improving the crack resistance of road. The research results provide technical support and theoretical model for the development of long-life pavement in China.

Keywords: stress absorbing layer, geogrid, dynamic response, vehicle load, vehicle speed


INTRODUCTION

With the rapid development of Chinese economy, the demand for transportation is increasing, and the country 's requirements for road service levels are increasing. At present, most of the domestic transportation roads use semi-rigid bases (Sha, 2008). Investigations show that no matter in the south or the north of China, there will be a lot of cracks after 2 years of opening to traffic. After studying these cracks, it was found that more than half of the cracks was reflective cracks caused by temperature shrinkage and dry shrinkage (Zeng et al., 2013). The development of these cracks not only affect driving safety, but also shorten the road life. This shows that the existing domestic stress absorption layer can no longer meet the daily use needs, and the problem of reflective cracks on asphalt roads is becoming increasingly serious (Geng et al., 2012). Under this background, domestic and foreign scholars have proposed different methods to delay the occurrence and expansion of reflective cracks (Tschegg et al., 2007; Doh et al., 2009; Schlosser et al., 2013; Zhang et al., 2018; Ouyang et al., 2020).

The stress absorption layer has always been a research hotspot of asphalt pavement. Scholars have mainly studied the crack resistance mechanism of the stress absorption layer, the application performance of the material and the testing methods utilized to evaluate reflective cracking (Yoon et al., 2017). Iowa State University's Ceylan successfully simulated the stress intensity factor of crack propagation with neural network (NN) method, and studied the crack propagation mechanism (Ceylan et al., 2011). Zhao and Baek analyzed the reflection crack propagation mechanism under dynamic load through ABAQUS and found that increasing the vehicle speed could delay the development of reflection cracks (Baek and Alqadi, 2008; Zhao and Ni, 2009). Huang Xiaoming of Southeast University applied discrete element software to establish a crack model for a composite pavement structure with a semi-rigid base. It was found that a normal load could generate a horizontal stress concentration at the crack tip. The stress decreased around the crack tip (Wang et al., 2016). Sun Yazhen of Shenyang Jianzhu University used finite element software to simulate reflective cracks and found that under different loads, reflective cracks would expand in different ways (Sun et al., 2012).

Geogrid and various asphalt materials are the research focus of stress absorbing layer materials (Keller, 2016; Zornberg, 2017). Xue Yongchao of Southeast University designed a stress absorbing layer composed of epoxy asphalt and glass fiber geogrid, and tested it by drawing test, shear test and fatigue test. The results showed that the optimal ratio of epoxy asphalt was 2.0 L/m2(Xue et al., 2016). Silva used four-point fatigue test and rutting test, and found that the high proportion of ultra-fine rubber granule asphalt mixture prepared by drying has better fatigue resistance and the crack growth rate was slower (Silva et al., 2018). Khodaii Ali recommended that the maximum service life could be provided by placing the geogrid one third from the bottom of the covering layer (Khodaii et al., 2009). Zamora found that the geogrid has good crack resistance. High modulus geogrid had better performance (Zamora et al., 2011). The focus of these studies is to evaluate the actual properties of materials, and there is a lack of research on the mechanism of the action of materials in the road.

Aiming at the practical problems of reflection cracks, many testing methods were introduced into the experiments. Saride et al. used digital image correlation technology (DIC) to record the crack growth failure pattern and corresponding tensile strain, but DIC was very sensitive to moisture and dust in the air, which could lead to large errors (Kumar and Saride, 2017; Saride and Kumar, 2017). Ling Jianming invented Joint Motion Simulation System (JMSS) using sensors, which considered the influence of both traffic and thermal load. The test results showed that the performance of geotextile was better than stress absorbing layers, and polypropylene modified linoleum (Ling et al., 2019). Wang Huaping embedded fiber sensors in the interior of the road and collected a wealth of strain data. The corresponding strain transfer theory and temperature error correction formula were put forward, and it was suggested to use low modulus asphalt as protection layer (Wang et al., 2018, 2019). Therefore, it is a developing trend to explore the strain law of road interior by using sensors, and it has good effect.

According to the current research status of stress absorption layers and reflective cracks at home and abroad, it is found that the currently designed stress absorption layers cannot meet the development needs of China's long-life pavement (Fan, 2015), and hinder the modernization of transportation in China. At the same time, there is a lack of systematic research on the action mechanism and performance evaluation of geogrids. In order to better solve the above problems, this paper uses sensors to collect the strain information in the road. The objective of this paper is to propose an enhanced stress absorption layer of slowing crack (ESALOSC) and summarizes the strain laws of ESALOSC. This stress absorption layer is composed of geogrid and rubber modified asphalt. The road performance of ESALOSC is verified by comparing with the performance of the ordinary SBS modified asphalt stress absorbing layer (OSMASAL). In this paper, sensors are arranged on two types of stress absorption layers to collect strain information under different loads, speeds and temperatures. This paper establishes the corresponding mathematical model based on the experimental data, which provides strong support for the follow-up research. The accuracy and effectiveness of the two models are verified by comparing with other experimental results. The research results provide theoretical support and technical guidance for the design of long-life roads, and have important engineering value.



ENGINEERING DESCRIPTION

The project locates on Cangshan Road, Fuping County, Hebei Province. Fuping County is a mountainous region, with high temperatures and high humidity in summer, concentrated precipitation, cold and snow in winter. The minimum daily temperature is −15°C. The road is laid out from west to east. The roadbed is silty clay. The driveway is designed as a two-way four-lane road. The ESALOSC and the OSMASAL are, respectively laid on Cangshan east road. The section of K1+200-k1+400 is selected to lay ESALOSC, which is composed of geogrid and rubber modified asphalt, and this part is called “Section A.” The section of K0+930-k1+070 is selected to lay OSMASAL and compares with “Section A,” which is hereinafter referred to “Section B.” The pavement structure is shown in Table 1. The gradation composition of asphalt mixture is shown in Table 2. Figure 1 shows photos of the test system, where Figures 1A,B are photos of the sensors and strain gauge, respectively, and Figure 1C is a photo of the test process.


Table 1. Pavement structure layer.

[image: Table 1]


Table 2. The gradation composition of asphalt mixture.

[image: Table 2]


[image: Figure 1]
FIGURE 1. (A) Two strain sensors, (B) strain collecting instrument, and (C) pictures of field tests.




DESIGN OF TEST SCHEME


Sensor Setup Scheme

The sensor in this paper is a strain gauge, and the strain data is collected by placing the sensors on a stress absorption layer. The sensors are covered with fine aggregates and the same asphalt (Wang and Xiang, 2016). The sensors in section A are placed at 5 points and collectively referred to as “Group A.” Similarly, the sensors in section B are also placed at 5 points and collectively referred to as “Group B.” The sensors are located at the left-wheel track of the carriageway, and the survival rate of the sensors is 60%. All conditions meet the requirements of the test. The details of the surviving sensors are shown in Table 3. The location of the sensor is shown in Figures 2A,B.


Table 3. The location of the surviving sensors.

[image: Table 3]


[image: Figure 2]
FIGURE 2. (A) Sensor embedded position of the ESALOSC, and (B) sensor embedded position of the OSMASAL.




Test Plan

In order to analyze the effects of load, speed, and temperature in the ESALOSC, the test is designed at different speeds, loads, and temperatures (Tan and Guo, 2013; Xiao et al., 2016). Plan 1 selects five speeds to study the effects of dynamic and static loads on ESALOSC. The three groups of tests conduct in sections A and B. The plans are shown in Table 4.


Table 4. Test plan.

[image: Table 4]




DATA ANALYSIS

The high-frequency strain gauge is used to collect the strain data of the two stress absorption layers. After installing the system, strain gauge starts to collect strain data. The above three plans are carried out three times, respectively. The maximum strain is extracted from the test data as the dynamic response of the pavement structure under each test condition. It is planned to ignore data with more than 10% deviation. The variation coefficient of all off the test data are below 4% in the same working condition. The tests are performed at different speed, load, temperature, and road structure conditions, so the size and distribution of the wheel load are different, which will cause the dynamic response of the pavement structure to be very different. According to the theory of layered elasticity, both stress-absorbing layers are affected by pressure, and the measured strains are both negative, which is consistent with the theoretical solution of layered elasticity (Yang et al., 2017).


Effect of Load on ESALOSC

Plan 1 prepares to study the impact of the load on the two stress absorption layers. The scheme is divided into a dynamic load part (5–40 km/h) and a static load part (0 km/h). The two dynamic load tests are shown in Figures 3A,B. Figure 3A is the image of the standard load vehicle (BZZ-100) passing at the A4 pile at a speed of 10 km/h, and Figure 3B is the image of the vehicle (13.9t) passing at the B4 pile position under the same speed. The results of plan 1 are shown in Figures 3C,D. The analysis of test data is shown in Table 5.


[image: Figure 3]
FIGURE 3. (A) A4 pile's loading vehicle strain (10t, 10 km/h), (B) B4 pile's loading vehicle strain (13.9t, 10 km/h), (C) the results of plan 1 are shown in A4 pile, and (D) The results of plan 1 are shown in B4 pile.



Table 5. Test 1 analysis.

[image: Table 5]

Figures 3A,B shows that when the vehicle passes over the laying sensor, two obvious fluctuations occur on the strain image. The front strain is smaller than the rear strain, which indicates that the front strain is generated by the front wheel and the rear strain is generated by the rear wheel. At the same speed, the strain of both sections increases with the increase of the load. This phenomenon is caused by the increase of the load that causes the tire stiffness to increase, and the increased stiffness of the tire causes the dynamic response to increase on the road. The static load test shows that the load increasing from 10t to 13.9t, which causes the strain of section A and section B to increase by 29.2 and 40.8%, respectively. The results show that the increase of static load has greater impact on section B than section A. In the dynamic load test at 5 km/h, the strain increases by 23.9 and 38.1% in section A and section B, respectively. The dynamic load tests at 10 km/h shows that the strain increases by 20.3 and 38.2% in section A and section B, respectively. In the 20 km/h dynamic load test, the strain increases by 16.3 and 36.4% in section A and section B, respectively, and the 40 km/h dynamic load test show that the strain increases by 10.5 and 35.7% in section A and section B, respectively. The above dynamic load tests show that the increase in dynamic load has greater impact on section B than section A.

The data of five times show that the strain difference between the two pavements increases from 11.6 to 25.2% with the increase of the speed. It indicates that the reinforcement effect of the geogrid under dynamic load is more obvious than the static load, so it can be significantly improved the road carrying capacity. All the strains in the static load test come from the original load of the vehicle. The area of the stress-absorption layer that directly contact with the wheel is affected by pressure, and the area outside the wheel load edge is affected by tension. The geogrid can reduce the pressure and tension in the stress absorption layer, and reduce the corresponding strain. In the dynamic load test, the strain not only come from the vehicle's load, but also come from the vehicle's additional dynamic impact load. While dispersing the above pressure and tension, the geogrid also reduces the strain of the additional dynamic impact load.



Effect of Velocity on ESALOSC

The purpose of Plan 2 is to study the effect of vehicle speed on the stress absorption layer in section A. The tests on piles A4 and B4 are shown in Figures 4A,B. Figures 4C,D are model images of dynamic response and speed. Table 6 shows the specific parameters of the two models in sections A and B, Table 7 lists the actual measured data of the A2 and A3 piles and the corresponding model data. The “deviation” in Table 7 refers to the deviation between the actual measured data at A2 or A3 pile and the data calculated by the model in this section.


[image: Figure 4]
FIGURE 4. (A) A4 pile's loading vehicle strain, (B) B4 pile's loading vehicle strain, (C) model of strain and speed in the section A, and (D) model of strain and speed in the section B.



Table 6. Speed and strain model.

[image: Table 6]


Table 7. Verify the speed and strain model in section A.

[image: Table 7]

Figures 4A,B show that as the speed increases, the dynamic response of the wheels in the two stress absorption layers gradually decreases. When the speed increases from stationary to 20 km/h, the strain decreases significantly. However, after the speed exceeds 20 km/h, the dynamic response gradually flattens. This phenomenon is caused by the increase in speed, which reduces the amount of time that the load acts on the sensor. This is shown in mechanics as: the increase in road strength and modulus affects the dynamic response of the road structure, which proves that the impact of low-speed vehicles on the road is greater than high-speed vehicles. Therefore, the model of speed and dynamic response is proposed in part A: ε = 36.63724lnv−189.6703. Its correlation coefficient is above 0.97. At the same time, the measured data of the A2 and A3 piles are compared with the data obtained from the above model, and the deviation of data is within ±4.68%. The results show that the model can accurately reflect the strain caused by vehicles with different speeds in section A, and has high applicability. The slope “A” of the ε−v linear equation can represent the rate which the dynamic response change with the speed of the vehicle. Table 7 shows that comparing with the section B, the strain in section A decreases less than section B with the increase of the speed, which indicates that the speed has a smaller effect in section A.



Effect of Temperature on ESALOSC

In Plan 3, four measuring times are selected to represent different temperatures in a day (Guo et al., 2017; Ouyang et al., 2018; Guo and Tan, 2019). The measuring time are shown in Table 8. The tests at A2 and B2 piles are shown in Figures 5A,B. Figures 5C,D are the model images of dynamic response and temperature. Table 9 shows the specific parameters of the two models in section A and B, Table 10 lists the actual measured data of the A3 and A4 piles and the corresponding model data. The “deviation” in Table 10 refers to the deviation between the data actual measured at A3 or A4 pile and the data calculated by the model in this section. The strain transfer efficiency mainly depends on the protective layer material. In this paper, the two sections adopt the same protective layer material, so the two sections have the same strain transfer efficiency (Wang and Dai, 2019).


Table 8. Test time and road temperature.

[image: Table 8]


[image: Figure 5]
FIGURE 5. (A) A2 pile's loading vehicle strain, (B) B2 pile's loading vehicle strain, (C) model of strain and temperature in the section A, and (D) model of strain and temperature in the section B.



Table 9. Temperature and strain model.

[image: Table 9]


Table 10. Verify the temperature and strain model of section A.

[image: Table 10]

Figures 5A,B show that as the road temperature increases during the day, the dynamic response of vehicles also increases in the same area. Because asphalt is a temperature-sensitive material, its stiffness and modulus decrease with increasing temperature, which increases dynamic response. Since the temperature difference in the four tests is not large, the growth trend of the dynamic response is slow. Plan 3 verify the effect of temperature on the road. Therefore, the model of temperature and dynamic response is proposed in part A: ε = −1.14545t−91.36591. Its correlation coefficient is above 0.97. In addition, the measured data of the A3 and A4 piles are compared with the data obtained from the above model, and the deviation of data is within ±3.71%. The results show that the model can accurately reflect the strain caused by BZZ-100 vehicles at different temperatures and has high applicability. The slope “A” of the ε−t linear equation can represent the rate which the dynamic response changes with temperatures. As shown in Table 10: Comparing with the section B, the strain in the section A increases more slowly with temperature, which means that the temperature has less influence on the section A.




CONCLUSIONS

Laying sensors on the two stress absorption layers, the strain data are collected under different speed, load, and temperature conditions. After collating the above data and analyzing the dynamic response of load, velocity and temperature in the two stress absorption layers, the following study can be concluded:

(1) According to the overload test data analysis: under static load conditions, the ESALOSC strain is 11.6% lower than the OSMASAL when overloaded 39% (13.9t) on the BZZ-100 basis. In the dynamic load test under the same conditions, as the speed increasing, the strain difference between the two stress absorbing layers increase from 11.6 to 25.2%. The results show that the reinforced effect of geogrid is more obvious under dynamic load, which can significantly improve the carrying capacity of asphalt road.

(2) By establishing the relationship between speed and dynamic response, the model of speed and dynamic response is proposed in the ESALOSC: ε = 36.63724lnv−189.6703. The slope represents the rate which the strain change with the speed of vehicle. According to the regression results of the ESALOSC and the OSMASAL, the strains of the two stress-absorbing layers decrease with increasing speed. However, As the vehicle speed increases, the strain reduction rate on ESALOSC is smaller than on OSMASAL. It means that speed has less effect on the ESALOSC than the OSMASAL.

(3) According to the test data measured at four times: the temperature and dynamic response model is proposed in the ESALOSC: ε = −1.14545t−91.36591. The slope represents the rate which the dynamic response change with temperature. According to the regression results of the two sections, the strain of both the two stress-absorbing layers increases with the increasing of temperature. In the two sections, the ESALOSC strain increases at a lower rate with the increase of temperature. It means that temperature has less effect on the ESALOSC than the OSMASAL.
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Functional pavement material with an exhaust-purifying performance has gradually become of greater interest to researchers in recent years. For improving the purifying effect of functional micro surfacing, two types of raw ore powders with exhaust-purifying potentials were selected as novel functional modifiers. Firstly, the road performance of purifying micro surfacing was evaluated according to the ASTM and ISSA standards. Then, the dispersion state of modifying agents in emulsified asphalt evaporation residue was analyzed and discussed using SEM and FTIR. Finally, the purifying effect of micro surfacing on exhausts was examined in a laboratory to investigate the impact of various experimental conditions on the purifying performance. Meanwhile, the purifying performance was also monitored in a field test. The results showed that the road performance of purifying micro surfacing could fulfill the requirements of relevant technical standards. Pyrite had better dispersion property than specularite and titanium dioxide inside asphalt. The purifying micro surfacing could achieve a better purifying effect on NOx and COx than traditional micro surfacing with TiO2. These environmentally friendly pavement materials could provide new solutions for the reduction of polluting emissions in automobile exhausts.

Keywords: pavement, micro surfacing, exhaust purification, road performance, characterization


INTRODUCTION

Road traffic an integral part of the existing transportation system. In 2019, the number of automobiles around the world had almost exceeded 1.39 billion. Even though various innovative solutions have been found and applied in the automobile industry, the share of internal combustion engine vehicles (including hybrid vehicles) will remain prevalent for the next several decades (Wei et al., 2009; Miyamoto et al., 2012; Hirata, 2014), and thus the exhaust emissions will be one of the main atmospheric pollution sources (Rêgo et al., 2014). Due to incomplete combustion of hydrocarbon fuel in internal combustion engines, automobile exhausts including carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOx), sulfur dioxides (SO2), particulate matter (such as lead compounds, carbon black particles, or oil mist, etc.), and other atmospheric pollutants not only damage the natural environment, but also result in the haze pollution and urban heat island (UHI) effect (Çay et al., 2013; Fattah et al., 2013; Pinzi et al., 2013; Labarraque et al., 2015; Peng et al., 2015). Meanwhile, the emission increases of NOx, SO2, and particulate matter also increase the risk of cancer in humans (Tong et al., 2014). Therefore, the control of automobile exhausts is vital to protecting the environment and human health from air pollution.

Currently, the most common methods used to reduce exhaust emissions include the control of pollution sources, improvement of air exchange, development of new energy sources, and application of exhaust purifiers (Brijesh and Sreedhara, 2013; Amato et al., 2014; Beale et al., 2015). However, due to the large number of vehicles, the effectiveness of these solutions for emission reduction is limited (Yan et al., 2014; Goel and Guttikunda, 2015; Yu et al., 2017, 2019, 2020). Improving air exchange could lower the pollutant concentration within specific territories, but this method could hardly reduce the total amount of pollutant emissions. In recent years, the application of new energy sources has been widely researched as an indirect method to mitigate exhaust pollution (Kimble and Wang, 2013; Liu and Liang, 2013; Habib and Wenzel, 2014). As a result, the number of electric and fuel cell vehicles increases gradually (Hwang, 2013; Jhala et al., 2014). However, the share of internal combustion engine vehicles will remain prevalent for the next few decades (Sprouse and Depcik, 2013; Wang et al., 2013). At present, the use of exhaust purifiers has been proven to be the most efficient way to purify the pollution from exhaust gases. The existing exhaust purifiers are mainly divided into three types: one-stage catalyst, two-stage catalyst, and three-way catalyst (Schmeisser et al., 2013; Hofmann et al., 2015). Among these exhaust purifiers, three-way catalyst is the most popular and efficient exhaust purifier, which can effectively transform CO, HC, and NOx into harmless gas (Opitz et al., 2014; Lan et al., 2015; Zeng and Hohn, 2016). However, there are still some disadvantages of the three-way catalyst, such as its low conversion rate under lean-burn, poor durability of purifying effect, and soot particle contamination, which makes it difficult to meet the ever-growing needs of the atmospheric environment protection (Park et al., 2015). In addition, the existing methods could only purify pollutants before emitting into the air, but not reduce the pollution gas already emitted to the atmosphere. Therefore, it is important to develop an effective way to purify both the exhaust gas emitted from vehicles and those into the atmosphere.

Pavement, as a road traffic carrier, has a huge contact area with the atmospheric environment. If the exhaust purifying effect could be achieved on pavement material, the exhausts emitted from vehicles might be controlled effectively within specific airspaces and converted into harmless gas. Micro surfacing was one of the most effective ways for quick maintenance of pavements (Ouyang et al., 2016, 2018a,b, 2019; Qin et al., 2018). The thickness, material composition, and quick construction promote the feasibility of applying micro surfacing for achieving the purifying function of pavement (Sun et al., 2018, 2020a,b; Chen et al., 2020; Wang et al., 2020). Therefore, in this paper, two novel functional materials with exhaust-purifying potentials were obtained from raw ore powders and modified with two auxiliary modifiers. The applying feasibility of novel modifying agents was evaluated through road performance and micro characterization. Furthermore, the impacts of various influencing factors on purifying performances of the new hybrid micro surfacing material were investigated by laboratory and field test. This study provides scientific references for further study of functional pavement materials.



MATERIALS AND PREPARATION


Materials


Functional Materials

Considering the purification potential and compatibility between modifiers and asphalt, pyrite, specularite, and titanium dioxide were selected as the functional materials for this study, which were named as P, S, and TD for short in this paper, respectively. Technical performances of purifying functional materials are shown in Table 1.


Table 1. Technical properties of selected functional materials.

[image: Table 1]

The purifying functional materials contained two types of combinations, rutile titanium dioxide and pyrite, and rutile titanium dioxide and specularite, named as PTD and STD, respectively. The weight ratio of rutile titanium dioxide to pyrite or specularite was 1:1. Pyrite and specularite were obtained from raw ore powders, which might have adverse effects on the compatibility with asphalt. Therefore, isopropanol and a silane coupling agent were used to improve the surface property and enhance the purifying performance (Liu et al., 2019a,b). The technical properties of selected modifiers are shown in Table 2.


Table 2. Technical properties of selected surface modifiers.
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Modified Emulsified Asphalt

Styrene Butadiene Rubber (SBR) modified emulsified asphalt was used as a binder in this study. The content of SBR modified emulsified asphalt was 12.6% by dry weight of aggregate. The technical properties of SBR modified emulsified asphalt are detailed in Table 3.


Table 3. Technical properties of SBR modified emulsified asphalt.
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Aggregate, Water, and Additive

Basalt was chosen as the aggregate and the sand equivalent value was 72%, which could reach the limit value of (ASTM D2419, 2014; Huang et al., 2020). The water used for micro surfacing was free of oil contamination. The salinity was below 5,000 mg/L. Specifically, the sulfate content was below 2,700 mg/L. Furthermore, the PH of the water was below 6. The content of water was 8.4% by dry weight of aggregate. In order to control the demulsification of SBR emulsified asphalt, this paper selected ordinary Portland cement as an additive to prepare micro surfacing. Its content was ~2% by dry weight of aggregate (Ouyang et al., 2020).




Modification of Purifying Functional Materials

The modification of functional materials mainly includes the following procedures (detailed in Figure 1):

(a) Sieve the functional materials: Pyrite and specularite were carefully washed with distilled water to remove dust and impurities, and dried at 110°C for 5 h in a pre-heated oven. Then, pyrite and specularite were filtered through a 0.044 mm sieve. The treated powder was placed into a clean container.

(b) Mill functional material: In order to increase the specific surface area and improve catalytic potential, pyrite, and specularite powder were subjected to high-energy ball milling under the protection of ethanol and inert gas.

(c) Perform surface modification: Silane coupling agent, isopropanol, and water were mixed to prepare the chemical solution, whose mass ratio was ~20:72:8. The solution was subsequently treated by ultrasonic dispersion apparatus for 10 min. Then, pyrite and specularite were added into the solution, and the mixture was stirred at the speed of 5,000 rad/min for 15 min. Finally, the mixture was kept still for 1 h, and then the modified pyrite and specularite were filtered into a clean beaker.

(d) Conduct vacuum drying: The beaker containing pyrite and specularite were put into an 80°C vacuum drying oven for 5 h. The drying process was conducted in an inert gas atmosphere to ensure the chemical stability of pyrite and specularite.


[image: Figure 1]
FIGURE 1. Modifying process of functional materials.




Testing Specimen Preparation

The designed gradation and mix proportion are shown in Table 4. The detailed preparation procedures (Figure 2) are shown as follows:

(a) Prepare emulsified asphalt mixture: Basalt aggregate, additive, and water were mixed for 5 min to ensure that the aggregate was wetted to prevent the early demulsification of the modified emulsified asphalt. Then the functional materials were added into the wet mixture and mixed for 4 min. SBR modified emulsified asphalt was added into the mixing pot steadily and then the mixture was mixed for 3 min.

(c) Prepare specimens for different tests: For the purifying test, British pendulum slip test, and permeability test, the micro surfacing (30*30*1 cm) was paved on the rutting specimen of the asphalt mixture (AC-13, 30*30*5 cm) and preserved at 25 ± 5°C. For the wet-track abrasion loss test and lateral displacement test, the prepared mixture was sampled, and cast in the molds on the surface of tar felt (Circular specimen 63.5 mm in diameter and rectangular specimen with the dimension of 38 × 5 × 0.6 cm) and preserved at 60°C for 16 h.


Table 4. Designed gradation and mix proportion of micro surfacing.
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[image: Figure 2]
FIGURE 2. Preparing process of micro surfacing specimen.





TESTING METHOD


Road Performance

The British pendulum slip test, wet-track abrasion loss test, rutting test, and permeability test were conducted to assess the road performances of purifying micro-surfacing according to the Standard ISSA TB-147, 2000; ASTM ED3910, 2011; ASTM E303, 2013, and JTG E60, 2008.



Micro Characterization


Scanning Electronic Microscopy Analysis (SEM)

Asphalt samples were prepared using the evaporation residue of purifying modified emulsified asphalt. The micro-morphology and particle size of functional materials in asphalt samples were characterized by SEM to determine the dispersion of functional materials inside asphalt. Then, the element composition of micro zones was statistically analyzed. The magnifications of the SEM test were 2,000, 4,000, and 10,000 times (Huang et al., 2019; Cai et al., 2020).



Fourier Transform Infrared Analysis (FTIR)

The FTIR analysis technology was used to investigate the characteristic peaks and functional groups of the evaporation residue with purifying modifiers. The wavenumber range of FTIR was from 4,000 to 500 cm−1. The weight of the sample was about 5 μg.




Purifying Effect Evaluation


Measurement System

The purifying effect measurement device, as shown in Figure 3, was developed according to ISO 7996 (1985), ISO 4224 (2000), ISO 10498 (2004), ISO 22197-1 (2007), which consisted of a temperature controlling system, data acquisition system, atmospheric pressure, and solar radiation controlling system. This device was used to investigate the purifying effect of purifying micro surfacing. The technical parameters were shown as follows: Temperature control range: −20–120°C, UV intensity range: 0–20 w/m2, Pressure tolerance range: 0–3 atm, and Gas concentration measurement range: 0.0–20.0 % vol (COx), 0–5,000 × 10−6 vol (NOx).


[image: Figure 3]
FIGURE 3. Laboratory and field test of exhaust purification performance.




Laboratory Testing Condition and Procedure

The atmospheric pressure, specimen temperature, UV light source intensity, and pollutant concentration were chosen as the influencing variables of the purifying experiment. A used motorcycle engine was used as the supply unit of exhaust, whose pollutant concentrations could reach the ISO Standard concentration range. According to the parameter values of real pavement environment, various experiment conditions are designed for a purifying effect test, as shown in Table 5.


Table 5. Experimental condition of purifying effect measurement.

[image: Table 5]

The laboratory test procures is detailed as follows:

(a) Achieve the vacuum status: All the outlets of the experimental device, except the one connected to the vacuum pump, were closed and the vacuum pump was turned on to achieve the vacuum status of the reactor cell. When air pressure reached the vacuum, the vacuum pump was turned off and the outlet connected to the vacuum pump was closed.

(b) Adjust the concentration of pollutant gas: The exhaust supply unit was started and preheated. The outlet connected to the test facility was opened and the exhaust gas was conveyed into the reactor cell of the test equipment along with air at the flow rate of 3.0 L/min, when the content of pollutant gas of exhaust tends to be stable. When the air pressure and the concentration of pollutant gas reached the desired values, the exhaust supply unit and all the outlets of the experimental device were closed.

(c) Control the experimental condition and record the data: The temperature of the specimen was raised up to the target temperature using a temperature control system and the UV light intensity was kept around the desired value by the corporation of a light source control system and radiometer. Then the gas flow controller and circulation system were turned on to keep the exhaust distributed evenly in the reactor cell of the test equipment. The test data were monitored by the exhaust analyzer dynamically and recorded by the data acquisition automatically.



Field Testing Method

A field test was performed to measure the purifying effect in a natural environment. An experiment period of 10 days in August was selected to evaluate the purifying effect of micro surfacing, whose solar radiation intensities, atmospheric temperatures, and humilities were similar to those in the pavement environment. Before the start of the field test, the specimen was assembled inside the test device, then moved to the outside terrace sufficiently far from the surrounding buildings to avoid the shadow effect. The exhaust supplied by the motorcycle engine was conveyed along with air into the reactor cell after passing through a gas-washing bottle. When the desired exhaust concentration and air pressure were achieved through the coordination of the adjustment system and concentration monitoring system, all the outlets of the gas supply unit and the experiment apparatus were closed. The pollutant concentration, solar radiation intensity, and specimen temperature were monitored per hour using the gas analyzer, radiometer, and temperature sensor. The field test device is shown in Figure 3.





RESULTS AND DISSCUSSION


Road Performance

The results of road performances are shown in Table 6. It can be seen from Table 6 that there were only slight differences in pavement performances between a purifying micro surfacing and a normal one, which indicated that the replacement of mineral filler by functional material would not lead to a negative effect on the pavement performances of micro surfacing, which lay a solid base for the application of PTD and STD materials in micro surfacing.


Table 6. Road performances of purifying micro surfacing and normal micro surfacing.
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Dispersion and Fusion State Analysis


SEM/EDS Analysis

The microscopic graphs of PTD and STD emulsified asphalt residue and net residue were taken to characterize the microstructure of functional materials in asphalt and evaluate the compatibility between functional material and asphalt. The SEM graphs of purifying emulsified asphalt residue are shown in Figure 4.


[image: Figure 4]
FIGURE 4. SEM characterization results. (A) Emulsified asphalt evaporation residue. (B) PTD emulsified asphalt evaporation residue. (C) STD emulsified asphalt evaporation residue.


It can be seen from Figure 4B that the bright particles represented different micro shapes, and particle sizes were evenly dispersed in asphalt, which might indicate the productive dispersion of PTD in asphalt. Through particle sizing results, the particle size ranged from 3.1 to 10 μm and most of the identified particles were around 4 μm or smaller in size. Figure 4C demonstrated the micro distribution state of STD in asphalt. It could be observed from Figure 4C that the distribution of particle size was mainly concentrated in the range from 2 to 10 μm, similar to that of PTD. However, a few big bright particles could be identified at 10 K magnification, which suggested that the specularite might not be dispersed evenly in asphalt material. Meanwhile, the element composition of micro zone in the SEM graph was analyzed and the analysis results are shown in Figure 5.


[image: Figure 5]
FIGURE 5. EDS analysis results. (A) Emulsified asphalt evaporation residue. (B) PTD emulsified asphalt evaporation residue.


It can be seen from Figure 5 that Fe, S, and O elements, as typical elements, were identified obviously in most of the scanning zones. Ti was also characterized in the micro zone, but the identified number of micro zones was smaller than that of other elements, which was presented in Figure 5 (VI). Ti was the typical element of titanium dioxide, which might reflect the dispersion state of titanium dioxide in micro surfacing.



FTIR Analysis

The composition of functional groups was one of the most important parameters to indicate the chemical variation inside micro surfacing. Compared to the basic micro surfacing with no functional materials, the functional groups' variation of purifying micro surfacing was examined to explain the molecular structure after the addition of functional materials using the FTIR test. The FTIR analysis results are shown in Figure 6.


[image: Figure 6]
FIGURE 6. FTIR analysis results. (A) FTIR-PTD. (B) FTIR-STD.


It can be seen from Figure 6 that the transmission curves of purifying micro surfacing differed from that of the control group without functional materials. For PTD, the different transmission rates appeared in the wave number positions of 3,500, 1,750, 1,200, and 750 cm−1. Regarding STD, the different transmission rates arose in the wave number positions of 1,500 and 750 cm−1. The change of transmission rate in certain wave numbers could indicate that the functional materials, pyrite, and specularite, might help improve the purifying effect of micro surfacing though the chemical modification led by chemical characteristics.




Laboratory Evaluation of Purifying Effect


Air Pressure Condition

The impacts of atmospheric pressure on the purification effect was investigated in this section to guarantee the accuracy of the experiment. In Figure 7A, the results of the purifying test at different atmospheric pressures are presented. As the atmospheric pressure increased gradually, the purifying effect of micro surfacing on pollutants also showed an obviously increasing trend. Moreover, when the atmospheric pressure exceeded 1.0 atm, the increasing speed of the purifying effect began to slow down and tended to be stable. While the atmospheric pressure increased from 0.6 to 1.6 atm, the purifying effect of PTD and STD on NOx rose to ~34 and 42%, respectively. Interestingly, PTD and STD could achieve the purifying effect on COx, but TD could not.


[image: Figure 7]
FIGURE 7. Purification effect of exhaust under different influencing conditions. (A) Atmospheric pressure. (B) UV light intensity. (C) Speciman temperature. (D) Pollutant concentration.




Purifying Effect at Different UV Intensities

To examine the impact of UV radiation on purifying performance, the relationship between purifying rate and UV intensity was investigated over time on the PTD, STD, and TD micro surfacing. The test results are plotted in Figure 7B.

It was shown that the pollutant purifying performance of purifying micro surfacing could be greatly promoted by UV light intensity, especially for the effect on NOx. The enhancing effect of UV intensity was noticeable on purifying performances on NOx of all types of micro surfacing. When the UV intensity was 10 W/m2, a turning point emerged in the curves showing the purifying effect on NOx. When the UV intensity exceeded 10 W/m2, the raising speed of the curve began to slow down, which meant that the dependence of purification on UV radiation started to weaken. For COx, the purifying rates of PTD and STD micro surfacing subjected to the increase of UV intensity showed a similar trend that followed the degradation curve of NOx. However, the TD micro surfacing had no significant degradation effect on COx and the purifying effect was around 3%, even if the UV light intensity increased.

With the addition of modified pyrite and specularite, the NOx and COx degradation rates of PTD and STD micro surfacing had been significantly improved compared to TD, while the UV intensity increased. The purifying effects of PTD and STD on NOx and COx reached ~40 and 30%, respectively. The improvement of the purifying effect might be led by the thermoelectric properties of modified pyrite and specularite. In addition, the increasing temperature of the specimen led by UV radiation might also activate the thermoelectric properties, which enhanced the purifying effect of pyrite and specularite.



Purifying Effect at Different Specimen Temperatures

The purification testing results of micro surfacing subjected to different specimen temperatures are presented in Figure 7C. As shown in Figure 7C, the increasing specimen temperature would enhance the NOx and COx degradation rates of PTD, STD, and TD micro surfacing. For NOx, the degradation rate curves of three micro surfacing showed a similarly increasing trend, while the gap between the hybrid micro surfacing and TD micro surfacing became larger with the increase of specimen temperature. This experimental conclusion was in line with that of the purifying effect at different UV intensities. For COx, PTD, and STD micro surfacing presented superior purifying performances, which could reach almost 40%. However, the TD micro surfacing had a limited removal effect on COx when temperature rose.



Purifying Effect at Different Pollutant Concentrations

Considering the variation of pollutant concentrations in an application environment (a highway, tunnel, bridge, etc.), the pollutant concentration would be an important factor among different influencing elements of purifying performance. The testing results at different pollutant concentrations are presented in the Figure 7D. The pollutant concentration had a noticeable negative linear effect on the degradation performance of purifying micro surfacing. This might be because that a higher pollutant concentration would promote the conversion rate reaching its limit, and the overall purification effect then began to decrease. The NOx and COx degradation rates of PTD and STD micro surfacing could still be over 40 and 30%, respectively, higher than that of TD micro surfacing.




Field Testing Results at Complex Environmental Conditions

The varying curves of pollutant gas concentration over the whole 10-day field testing period are plotted in Figure 8.


[image: Figure 8]
FIGURE 8. Variation of pollutant concentration over the 10-day testing period. (A) NOx-PTD. (B) NOx-STD. (C) COx-PTD. (D) COx-STD.


During the 8 h test period (9:00–17:00) of the 10 selected days, the NOx and COx concentration decreased gradually. The initial value of the pollutant was within the specific range of the experiment condition described before. No obvious outliers were found among the experimental data. It could be calculated that the purifying effect of PTD on NOx and COx were ~40 and 35 ppm, respectively. Concerning STD, the purifying effects on NOx and COx were about 34 and 32 ppm. Analyzing the median variation of pollutant concentration, there was a turning point that appeared at 13:00. For more accurate analysis, the experimental data obtained from three consecutive days, whose environmental parameters (solar radiation, temperature, etc.) were approximately identical, were chosen for the following analysis.

The variations of pollutant concentration, solar radiation intensity, and specimen temperature are presented in Figures 9A,B,D,E. The same trend of variation curves was observed for all the experimental results. Both NOx and COx concentration showed an obvious decreasing trend along with the variation of environmental factors. This indicated that PTD and STD micro surfacing had noticeable purifying effects on NOx and COx in the field test. The curve of pollutant concentration changed in an approximate linear trend, as solar radiation intensity and specimen increased. When the solar radiation intensity reached its peak value, a turning point appeared in the pollutant concentration curve. The curve slope began decreasing and the degradation speed started to slow down. This observation testified that the UV radiation was the main parameter influencing the purifying effect of purifying micro surfacing, which was consistent with the results of laboratory experiments.


[image: Figure 9]
FIGURE 9. Influence of environment factors on purifying performance. (A) NOx (PTD). (B) COx(PTD). (C) Purifying rate (PTD). (D) NOx (STD). (E) COx(STD). (F) Purifying rate (STD).


The purification rates of PTD and STD micro surfacing are plotted in Figures 9C,F. For PTD micro surfacing, the data of the NOx purifying rate mainly ranged between 35 and 45%. The median of these data was 41% and the upper quartile and lower quartile were 42 and 38%, respectively. The range of COx purifying data was from 25 to 30% and the COx purifying rate of PTD micro surfacing was around 27%. For STD micro surfacing, the NOx and COx purification rates of STD micro surfacing were ~38 and 28%, respectively.




CONCLUSIONS

This paper discussed the preparation and measurement of the purifying properties of two new hybrid pavement micro surfaces containing titanium dioxide, pyrite, and specularite. The pyrite and specularite were selected as the auxiliary functional materials and modified by using two modifying agents to inspire their purifying potentials. The purifying effects of micro surfacing on NOx and COx were investigated in laboratory and field tests. The purifying effects at different atmospheric pressure, UV intensity, temperature, and pollutant concentration were monitored and investigated. The major conclusions from this study are shown as following:

• With the addition of pyrite and specularite, the PTD and STD micro surfacing had noticeable purification effects on NOx and COx, while the TD micro surfacing was only effective for the degradation of NOx.

• The increase of UV intensity and ambient temperature would improve the purifying effect of PTD and STD micro surfacing on NOx and COx.

• High pollutant concentration could lead to the conversion rate reaching its saturation limit and thus decrease the overall purification rates.

• The PTD and STD micro surfacing demonstrated a noticeable purifying performance on NOx and COx in the field test when subjected to complex environmental factors, whose results were consistent with that of the laboratory test.

This paper provides new solutions to develop environmentally friendly pavement materials with superior exhaust purifying performances. Future work will focus on further studying the purifying performance of purifying micro surfacing within enclosed environments and the durability of the purifying function.
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Cold patching asphalt mixture (CPAM) has been widely used in pothole repair due to the advantages of convenient construction and easy storage. However, CPAM usually has a short service life because of insufficient bonding to the old pavement during service. Therefore, in order to ensure the good bonding of CPAM to the old pavement and improve the integrity and durability of pothole repair, this work carried out a study on the influencing factors of the bonding characteristics between CPAM and the old pavement. The oblique shear test was used as the research method with an evaluating index shearing strength. The influencing factors which affect the interface bonding characteristics, such as temperature, humidity, types of tack coat, the amount of tack coat spreading, and surface roughness, were compared and analyzed. The analysis results illustrated that the interface bonding characteristics are weak at high temperature and decrease with the increase of humidity. There exists an optimal binder spreading amount, where the denser the CPAM is, the smaller the spreading amount of the tack coat is. The groove on the old pavement can increase the bond strength of the interface, and there is optimal groove spacing. Based on this, the gray correlation analysis method was used to clarify the degree of influence of various factors and reveal the dominant factors that affect the interface bonding characteristics. The analysis indicated that the dominant influencing factors of the interface bonding characteristics are the type of tack coat and the roughness of the surface.

Keywords: cold patching asphalt mixture, influencing factors, interface bonding, gray correlation analysis, dominant factors


INTRODUCTION

A pothole is a common type of damage in asphalt pavement (Adlinge and Gupta, 2013; Kim and Ryu, 2014; Kim et al., 2017; Ouma and Hahn, 2017). Potholes seriously affect the driving comfort and safety, shorten the life of the pavement, and reduce the service level of the pavement. Therefore, the pavement should be repaired in a timely fashion after potholes appear (Dong et al., 2014; Zhang et al., 2014; Wang et al., 2015; Tedeschi and Benedetto, 2017). Currently, there are many kinds of materials used for pothole repair (Prowell and Franklin, 1996; Ouyang et al., 2019a, 2020). Cold patching asphalt mixture (CPAM) has been widely used in pothole repair because of its strong environmental adaptability, simple repair process, and convenient storage and transportation (Anderson et al., 1998; Li et al., 2010a; Zhao and Tan, 2010; Zhang et al., 2014; Diaz, 2016; Liao et al., 2016). However, the poor bonding performance between CPAM and old pavement materials is a common issue during application due to the differences in material composition, environment, and construction technology. The bonding performance between them seriously affects the service life and the durability of CPAM (Rosales Herrera and Prozzi, 2008; Tan et al., 2014; Rezaei et al., 2017).

Considering its particularity and the complexity in its service environment, the influencing factors of the interfacial bonding characteristics between CPAM and the old pavement are varied (Munyagi, 2007; Li et al., 2010b). Compared with hot mixture asphalt (HMA), CPAM has a special composition in which the binder is usually cutback asphalt or emulsified asphalt with low viscosity, poor initial strength, and cohesive properties in the early stage. Therefore, the material composition, such as type of binder, composition structure, and type of additive, can affect the interfacial bonding characteristics (Berlin and Hunt, 2001; Ferrotti et al., 2014; Ouyang et al., 2019b). Additionally, the external environment has an important influence on the interfacial bonding characteristics. In hot weather conditions, the viscosity of the tack coat decreases. Thus, the bonding between CPAM and the old pavement decreases. In contrast, the materials shrink in cold conditions, resulting in the expansion of the seam between CPAM and the old pavement (Ouyang et al., 2018). In a humid environment, moisture isolates CPAM and the old pavement, which reduces the interfacial bonding characteristics (Kuhn et al., 2005; Dong et al., 2014). Furthermore, the on-site construction treatment has some effects, such as compaction level, choice of tack coat, spreading amount of the tack coat, and the interface treatment method (Gómez-Meijide and Pérez, 2014). The above mentioned factors have different effects on the interfacial bonding performance (Ma et al., 2015). Choosing a tack coat with high viscosity and convenient construction may greatly improve the interfacial bonding performance. However, it is difficult to choose a suitable tack coat because there are many types of tack coat. In the actual construction process, the degree of compaction should generally meet the requirements, and the influence level is very small. This shows that the influencing factors of the interfacial bonding characteristics are complicated, so it is necessary to obtain a clear analysis of these factors.

Gray correlation analysis is very meaningful for the analysis of multiple complex influencing factors. The main problem solved by gray correlation analysis is finding a quantitative method that can measure the correlation between various factors in a system containing various factors in order to determine the main influencing factors (Julong, 1989; Zhang and Zhang, 2007). Gray correlation analysis has been used in various fields to analyze complex influencing factors, such as the study of the influence of asphalt surface properties on freezing viscosity strength (Zhang, 2013), effect of the crumb rubber modifier (CRM) content, CRM particle size, mixing time, and curing temperature on the viscosity of the crumb rubber-modified asphalt (Sun and Li, 2010) and evaluation of the shear performance of a flexible, moisture proof-adhesive layer in a concrete bridge pavement base (Fen et al., 2009). Gray correlation analysis provides an opportunity to analyze the influencing factors of the interfacial bonding characteristics between CPAM and the old pavement.

In order to solve the above mentioned problems, in this work, the temperature, humidity, type of tack coat, amount of tack coat spreading, and surface roughness were taken as the influencing factors for the oblique shear test, and the influences of different factors on the interface bonding characteristics were analyzed. On this basis, a gray correlation analysis was performed to determine the degree of influence of each factor and to find the dominant factors. This analysis has a good guiding significance for the practical repair of potholes with CPAM.



MATERIALS AND METHODS


Materials
 
Cold Patching Asphalt Mixture

Three kinds of CPAM were selected for testing in the study. They were Changlin from China, Shell from Netherlands, and Maple from Canada, respectively, recorded as A, B, and C. Extraction and sieving of the three kinds of CPAM were performed to obtain a gradation curve, as shown in Figure 1. CPAM A contains less fine aggregate and more coarse aggregate, CPAM B contains more coarse and fine aggregate, and CPAM C contains more fine aggregate and less coarse aggregate.


[image: Figure 1]
FIGURE 1. Aggregate gradation for CPAM.




Tack Coat

The tack coat was daubed onto the interface between the pothole and the old pavement before repair in order to wet the pothole so that CPAM could be well-bonded with the old pavement overall. Binders with different viscosities were chosen to make the test results obvious. From a wide variety of binders, modified emulsified asphalt A, modified emulsified asphalt B, SBS modified asphalt, matrix asphalt, and rubber asphalt were selected for this research.




Experimental Methods
 
Specimen Preparation

The specimens used in the test were composite specimens composed of CPAM and HMA. The preparation process is as follows:

First, rutting specimens made of AC-13 with a size of 300 mm × 300 mm × 50 mm were prepared. Second, they were cut into six trabeculae with a size of 300 mm × 300 mm × 50 mm and placed in the rutting specimen mold at 50-mm interval, and the gap was filled with CPAM. The interface in one side was daubed with tack coat, and the interface in the other side was daubed with a paper sheet coated with petroleum jelly to prevent sticking. Then, after rolling the specimen 16 times, the specimen with the mold was put into an oven at 110°C for 24 h, and then it was rolled again eight times, as shown in Figure 2. After the specimen had cooled, it was cut again. The interface between the CPAM and the original rutting specimen was well-bonded with the tack coat, and finally, specimens with a size of 100 mm × 50 mm × 100 mm for the oblique shear test were finished.


[image: Figure 2]
FIGURE 2. The progress of specimen preparation.




Experimental Methods

In this work, five factors were mainly studied: temperature, humidity, type of tack coat, amount of tack coat spreading, and interface roughness. In order to create the interface at a differently wet state, the specimens were immersed in moisture for different amounts of time. For the purpose of increasing the interface roughness, grooves were made on the surface at different intervals to increase the interface friction. The pendulum friction tester was used to determine the British pendulum number (BPN) value of the specimen surface in the direction of the groove (Karaca et al., 2013). For this test, a condition with temperature of 25°C, no moisture immersion, tack coat of modified emulsified asphalt, spreading amount of 0.5 kg/m2, and no grooving was used as the benchmark test condition. When studying the influence of a single factor on the interface bonding state, we kept the other conditions as per the benchmark test conditions and changed the single factor separately for research.

The oblique shear test was selected because it could accurately reflect the force state of the interface under the combined action of horizontal and vertical loads (Meng et al., 2018). The test device is shown in Figure 3. The size of the groove in the upper half was 100 mm × 100 mm × 50 mm, with a slope of 45°. In order to reduce the influence of the horizontal force generated by the bottom friction on the test results, a roller coated with lubricant was placed under the mold. Finally, shear failure occurred for the interface.


[image: Figure 3]
FIGURE 3. The device of oblique shear test.




Gray Correlation Analysis of the Factors Influencing the Interfacial Bond Characteristics

Gray correlation analysis was used to analyze the dominant influencing factors of multiple complex influencing factors (Wang et al., 2004) and to calculate the correlation degree in order to represent the importance of each influencing factor (Xu and Yang, 2015). The specific steps are as follows:

(1) Define the subsequence X and the parent sequence Y: The influencing factors of the parameter indexes were seen as the subsequence X, where Xi was the value of the influencing factors such as the temperature. Correspondingly, the parameter index was taken as the parent sequence Y, where Yi was the shear strength value corresponding to each influencing factor.

(2) Non-dimensionalization processing of the sequence factors: The interval-valued processing was used in this work, which was performed according to Equations (1) and (2).

[image: image]
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(3) Determine the matrix gray correlation difference information space: The difference sequence matrix was obtained with Equation (3). Then, the maximum values and the minimum values were obtained in the difference sequence matrix:
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(4) Calculation of the parent association matrix and relevance: An overall analysis was performed to judge the differences and the correlations between the factors. Then, the correlation coefficient was used to represent the correlation coefficient matrix L of the comparison factor and the reference factor, where each factor was determined with Equation (6):

[image: image]

If there are too many correlation coefficients, the degree of information dispersion will be too large. Therefore, the average value of the correlation coefficient was used as a comparison index of the correlation degree of the influencing factors. The correlation between the various factors was obtained with Equation (7):

[image: image]





RESULTS AND DISCUSSIONS

The test results show that the failure of the specimens occurred at the interface between CPAM and HMA. The shear resistance at the interface is far less than that of the two materials themselves, indicating that the interface is the weak and easily damaged part after repair. The specific test results are shown in Table 1.


Table 1. Results of the oblique shear test under different influencing factors.

[image: Table 1]


Effect of Temperature on Interfacial Bonding Characteristics

At the time of the research, most of the tack coat used between CPAM and the old pavement are asphalt materials. Due to the temperature sensitivity of the asphalt material, the interface between CPAM and the old pavement changes with different temperatures. Therefore, the effect of temperature on the interfacial bonding characteristics was investigated.

The oblique shear test results of three kinds of CPAM at different temperatures are shown in Figure 4. It can be seen that with the increase of temperature, the interface shear strength of the three kinds of CPAM gradually decreases. Taking CPAM A as an example, when the temperature increased from −5 to 55°C, the interface shear strength decreased from 2.119 to 0.029 MPa, a reduction of 98.6%. This is because the viscosity of the tack coat gradually decreases with increasing temperature, which results in the decrease of the bonding ability of CPAM with the old pavement. This indicates that temperature has a significant effect on the interfacial adhesion strength.


[image: Figure 4]
FIGURE 4. Interfacial shear strength at different temperatures.


Before the temperature reached 40°C, the interface shear strength decreased rapidly for the three kinds of CPAM, but after 40°C, it became very low and remained essentially unchanged. Taking CPAM A as an example, when the temperature rises from −5 to 40°C, the shear strength decreases from 2.119 to 0.043 MPa, which is a reduction of 98%. This is mainly because of an essential feature of asphalt that decreases with increasing temperature. However, when the viscosity of the tack coat is very low and basically unchanged with the temperature increase, the tack coat fails to adhere to CPAM and the old pavement. Unlike the asphalt wrapped on the surface of the aggregate, the failure temperature of the interface is lower. From the above mentioned analysis, it can be seen that the failure temperature is about 40°C.

Through the data fitting of the shear strength at different temperatures, the functional relationship between temperature and bonding degree was summarized, as shown in Figure 5. The equation is a binomial function, y = 2.06 – 6.983 × 10−2x – 2.71 × 10−4x2 + 2.97 × 10−5x3 – 2.72 × 10−7x4, R2 = 0.97874. It can be seen that the fitting effect is good. This equation can predict the interface bonding strength at different temperatures and guide the construction process of pothole repair.


[image: Figure 5]
FIGURE 5. The functional relationship between temperature and bonding degree.




Effect of Humidity on Interfacial Bonding Characteristics

When the moisture penetrates the interface between CPAM and the old pavement, the dynamic water pressure that is generated with intermittent dynamic vehicle easily breaks the interface, so it is necessary to study the influence of different humidities on the interface bonding characteristics.

The interfacial shear strength results for different humidities are shown in Figure 6. It can be seen that the longer the immersion time is, the lower the interfacial shear strength is. Taking CPAM C as an example, after the moisture immersion time increased from 0 to 48 h, the interface shear strength decreased from 0.563 to 0.155 MPa, a decrease of 72.5%. This indicates that as the moisture immersion time increases, moisture infiltrates into the interface and acts as a lubricant, which causes an obvious reduction in the interface bonding strength. Therefore, it is necessary to drain the water in the pothole and keep it dry before repair.


[image: Figure 6]
FIGURE 6. Interfacial shear strength at different humidity.




Effect of Types of Tack Coat on Interfacial Bonding Characteristics

Considering the different viscosities of the different tack coats, five kinds of tack coat (matrix asphalt, modified emulsified asphalt A, modified emulsified asphalt B, SBS-modified asphalt, and rubber asphalt) were selected to study the influence of the interface characteristics. Dynamic viscosity tests at 60°C were performed on five kinds of asphalt or their evaporation residues. The order of the viscosity was as follows: modified emulsified asphalt A > modified emulsified asphalt B > SBS-modified asphalt > rubber asphalt > matrix asphalt.

The interface shear strengths of the different tack coats are shown in Figure 7. For the three kinds of CPAM, the shear strength of the five binders is in the same order. Taking CPAM A as an example, when matrix asphalt, modified emulsified asphalt B, modified emulsified asphalt A, SBS-modified asphalt, and rubber asphalt are used as tack coat, their shear strengths are 0.313, 0.445, 0.478, 0.406, and 0.347 MPa, respectively. It can be known from this information that the greater the viscosity of the binder is, the stronger the interfacial shear strength is. Therefore, when CPAM is used to repair a pothole, a tack coat with high viscosity should be selected.


[image: Figure 7]
FIGURE 7. Interfacial shear strength at different tack coat.




Effect of Tack Coat Spreading on Interfacial Bonding Characteristics

The results of the interfacial shear strength at different amounts of tack coat spreading are shown in Figure 9. It can be seen that with the increase of binder amounts, the interfacial shear strength of CPAM B and CPAM C climbs up and then declines, and the maximum shear strengths are obtained at 0.75 and 0.5 kg/m2, respectively. For CPAM A, the shear strength increases, but after the spreading amount becomes 0.5 kg/m2, the shear strength generally does not increase. It can be known that there is an optimal spreading amount of tack coat for CPAM B and CPAM C to repair the pothole. Although the optimal spreading amount for CPAM A does not appear in the figure because of the limitation of the spreading amount range in the test, it can be concluded from the curve trend that there is an optimal spreading amount after the spreading amount of 1 kg/m2. This happens because, at the beginning, with the increase of tack coat spreading amount, the tack coat fills in the gap between CPAM and the old pavement, bonding them together. However, after the spreading amount reaches a certain level, the interfacial voids are filled up, and the excess adhesive acts as a lubricant, so the interface shear strength decreases (Figure 8).


[image: Figure 8]
FIGURE 8. The tack coat between CPAM and old pavement.


It can also be seen from Figure 9 that the optimal spreading amounts for CPAM A, CPAM B, and CPAM C are >1, 0.75, and 0.5 kg/m2, respectively. This is determined by the void structure of CPAM. CPAM C has high fine aggregate content, low air void content, and low tack coat capacity, so the optimal spreading amount is the smallest. CPAM A has high coarse aggregate content, high air void content, and high tack coat capacity, so the optimal spreading amount is the largest. Therefore, the tack coat spreading amount is greater for CPAM with large voids.


[image: Figure 9]
FIGURE 9. Interfacial shear strength at different tack coat spreading amount.




Effect of Roughness Interfacial Bonding Characteristics

Due to the different roughness levels of the interface, the contact area between the tack coat and the interface is different. Thus, the interface adhesion characteristics are also different. Therefore, the influence of different surface roughness on the surface bonding characteristics was studied in this work.

In order to increase the roughness of the surface, some grooves were made in the surface of HMA at intervals of 0.5, 1, 1.5, and 2 cm, respectively. The pendulum friction meter was used to measure the BPN value of the surface perpendicular to the groove direction, as shown in Figure 10. It can be seen that the BPN value increases with the decrease of groove spacing. When the groove interval is 0.5 cm, the BPN is 84, and when not grooved, the BPN is 64, which is an increase of 31.3%. Therefore, by grooving on the surface of the old pavement, the roughness increases, and the roughness increases with the decrease of the groove interval. As the groove interval decreases, the increase rate of the BPN value gradually slows down. When the groove interval is 1 cm, the BPN is 82. When the groove interval is closer to 0.5 cm, the BPN is 84, increasing by only 2.4%. It can be seen that when the interval of the grooves is small to a certain extent, the grooves have little effect on increasing the roughness. The shear strength at different roughness levels is shown in Figure 11. With the increase of the BPN value, the shear strength gradually increases, and when the BPN reaches 82, that is, when the optimal groove spacing is 1 cm, the shear strength reaches a maximum and then decreases. The reason for this phenomenon is that there is a competitive relationship between the tack coat in the groove and the tack coat on the interface, as shown in Figure 12. The tack coat at the interface can preferentially penetrate into the groove, increasing the contact bonding area, and at the same time, the tack coat acts as an anchor. Therefore, the smaller the groove spacing in a certain range, the greater the shear strength is. However, when the interval between the grooves is too small, with too many grooves, more tack coat penetrates into the grooves, resulting in an insufficient tack coat amount at the interface, so the shear strength is reduced. It can be known that if the groove interval is small, reaching a certain level, the interface bonding strength will reduce. Therefore, it should be noted that the groove interval has to be appropriate.


[image: Figure 10]
FIGURE 10. Relation between groove interval and BPN value.



[image: Figure 11]
FIGURE 11. Interfacial shear strength at different surface roughness.



[image: Figure 12]
FIGURE 12. Competitive relationship of the tack coat between the groove and the interface.




Gray Correlation Analysis of Factors Affecting Interfacial Bonding Characteristics

Taking the shear strength as the parent sequence and each influencing factor value as the subsequence, the correlation degrees of different influencing factors on the shear strength were obtained through gray correlation analysis. A greater correlation degree indicates that the influence of the factor on the interface bonding characteristics is greater. In contrast, the smaller the correlation degree is, the less the influence this factor has on the interface bonding characteristics. The correlation degree between the different influencing factors and the shear strength was calculated using Equations (1)–(7). The results are shown in Table 2.


Table 2. Gray correlation degree between the different influencing factors and shear strength.

[image: Table 2]

The gray correlation degrees between the different influencing factors of the three kinds of CPAM and the shear strength are shown in Figure 13. It can be seen that the correlation degrees of the different factors with the three kinds of CPAM are not very different, which shows that the influence of each factor on the interfacial bonding characteristics has little correlation with the type of CPAM. Among all of the factors, the most relevant factor for shear strength is the type of tack coat, for which the gray correlation degrees in these three kinds of CPAM were up to 0.874, 0.93, and 0.889, that is, the type of tack coat has the greatest influence on the interface bonding characteristics. The gray correlation degrees between the interface roughness and the shear strength are 0.87, 0.897, and 0.879. There are only differences of 0.004, 0.033, and 0.01 from the values of the tack coat. Therefore, both the tack coat and the roughness of the interface have a high degree of influence on the interface bonding characteristics. In comparison, the correlation degrees between temperature and shear strength are the smallest, being 0.462, 0.462, and 0.465. Therefore, temperature has the least influence on the interface bonding characteristics. The correlation degrees between humidity and shear strength are 0.478, 0.491, and 0.494, with differences of only 0.016, 0.029, and 0.029 from those of temperature. Therefore, the influence of temperature and humidity on the interface bonding characteristics is relatively small. In summary, the order of the influence degrees of different influencing factors on the interfacial bonding characteristics is as follows: type of tack coat > interface roughness > amount of tack coat spreading > humidity > temperature. The dominant factors that affect the interface adhesion characteristics are the type of tack coat and the roughness of the interface. The type of tack coat and the interface roughness affect the interface bonding characteristics more than temperature and humidity do, that is, the external environment has a smaller degree of influence on the interface bonding characteristics than the type of material and the construction process do. Therefore, in the actual repair of potholes, attention should be paid to the choice of the type of tack coat, and the surface roughness should be increased in some methods to improve the interface bonding characteristics.


[image: Figure 13]
FIGURE 13. The gray correlation degree.





CONCLUSIONS

In this work, three kinds of CPAM were used to study the effects of five factors, including temperature, humidity, type of tack coat, amount of tack coat spreading, and interface roughness, on the interface bonding characteristics between CPAM and the old pavement. Finally, the influence degree of the different influencing factors on the interface bonding characteristics was clarified through gray correlation analysis, and the following conclusions were drawn.

First, as the temperature increases, the bonding performance at the interface gradually decreases. The functional relationship between temperature and bonding degree is y = 2.06 – 6.983 × 10−2x – 2.71 × 10−4x2 + 2.97 × 10−5x3 – 2.72 × 10−7x4, and the interface failure temperature is about 40°C. The interface bonding strength gradually decreases with increasing humidity.

Second, there is an optimal spreading amount for the tack coat, and the denser the CPAM is, the smaller the optimal spreading amount is. The cutting grooves on the old pavement can increase the interface shear strength, and the smaller the spacing of the grooves within a certain range is, the greater the shear strength is. However, due to the competitive relationship between the tack coat penetrating into the groove and the tack coat remaining on the surface, when the groove intervals are too small, reaching a certain level, the interfacial bonding strength decreases. The optimal groove spacing is considered to be 1 cm.

Finally, the influence degree order of the five influencing factors on the bonding of the interface is as follows: type of tack coat > interface roughness > amount of tack coat spreading > humidity > temperature, and the dominant influencing factors of the interface bonding performance are the type of tack coat and the interface roughness. Therefore, in the actual repair of potholes, attention should be paid to the selection of the type of tack coat and the control of the tack coat spreading amount. Additionally, the surface roughness can be increased by grooving or brushing to improve the interface bonding characteristics.
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This paper proposes an improved design method for emulsified asphalt cold recycled mixture (EACRM) so as to solve the “secondary compaction” problem in cold recycled asphalt pavement. First, a temperature prediction equation is established based on measured data of cold recycled asphalt pavement. The equation provides the basis for improving the design method. Second, regarding the shortcomings of the current design methods, we introduce material design principles of EACRM and improve existing methods. Splitting strength (15°C) and unconfined compressive strength (60°C) are chosen as the basis of a double index to determine the asphalt emulsion content. Finally, the performance of the asphalt mixture created using the improved design method is compared to that using the current specifications of China. The results of the comparison validate that the proposed design method can effectively avoid early damage to cold recycled asphalt pavement.
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INTRODUCTION

Cold recycled mixture is a technique for recycling reclaimed asphalt pavement (RAP) using emulsified bituminous binder, foamed asphalt binder, cement, fly ash, or lime powder as the additives without the application of heat (Mohammad et al., 2003; Kuna et al., 2017). Among cold recycling technologies, the use of emulsified asphalt binder for cold regeneration has rapidly become popular (Wang et al., 2009; Liu, 2011).

Most current design methods for emulsified asphalt cold recycled mixture (EACRM) are empirical or regional, and an international standard has not yet been implemented (Tan et al., 2005). Generally, the design methods of EACRM are mostly modified design methods of hot mix asphalt (HMA; Deng and Huang, 2001; Lu, 2001). Amendments to the Marshall Act, the amendment of the Verme method, the Oregon estimation design method, and the Swedish Akzo Nobel design method were proposed by the American Asphalt Regeneration Association (Asphalt Recycling and Reclaiming Association [ARRA], 1996, 2001) and the South African Asphalt Association proposed the “three levels” (level-traffic) design method (Zhang et al., 2015; Li et al., 2016). The Chinese design specification of EACRM was modified on the basis of the Marshall test method (Research Institute of Highway Ministry of Transport [RIOH], 2008).

The technical performance of EACRM designed with different RAP contents, cement contents, and gradation has been evaluated according to high-temperature stability (rutting test), low-temperature crack resistance (low-temperature bending test), and water stability (freeze–thaw split test and immersion Marshall test) (Wu et al., 2009; Sravani et al., 2015). Creep and fatigue tests were used to evaluate the fatigue characteristics of EACRM by controlling the stress or strain levels, and corresponding fatigue failure characteristics and general rules were obtained (Pouliot et al., 2003; Jiang and Han, 2018). All the above studies used the heavy indoor compaction and Marshall methods to prepare specimens, but these molding methods cannot effectively simulate actual construction in the field (Li et al., 2019).

The cold recycled mixture is mainly utilized in the base course of the pavement (Modarres and Ayar, 2014). Hot mix asphalt should be paved on the cold recycled mixture to meet the requirements of road use. In the construction process of HMA, the cold recycled mixture is heated and further compacted with the effect of paving, which is called the “secondary compaction” process of the cold recycled mixture. However, this compaction process is not considered in the existing design method. Most studies only considered the state after the construction of the cold recycled mixture, resulting in a large deviation in the design results of the mixture ratio of the cold recycled mixture. This deviation can lead to serious early pavement damage. In view of this, this paper considers the influence of different construction seasons and the secondary compaction process. Based on the existing design method of cold recycled mixture, the indoor test method of EACRM is improved, and a design method of EACRM considering different construction seasons and the secondary compaction process is proposed. The research results are of referential value in engineering practice.



SECONDARY COMPACTION IN COLD RECYCLED ASPHALT PAVEMENT


Finding of Secondary Compaction

In the technological transformation project of the Nanchang–Jiujiang Expressway in Jiangxi Province, China, the technical scheme of EACRM used in the upper base of the pavement was implemented. Pavement structure from top to bottom was: 4 cm HMA upper layer, 6 cm HMA middle layer, 6 cm lower layer, 12 cm cold recycled mixture upper base, 22 cm water stable macadam base, 33 cm subbase, and original subgrade. Reclaimed asphalt pavement was divided into two grades: 0–10 mm (fine) and 10–31.5 mm (coarse). The proportion of RAP and mineral powder used in the project was coarse rap: fine rap: mineral powder = 43:57:2.4. The actual gradation results are shown in Table 1.


TABLE 1. Passing rate of the key sieve for the design mixture.

[image: Table 1]The construction went well in winter. In addition, after opening to traffic, the performance of the pavement was good. However, in the summer of the second year, with the same design and construction, deep ruts occurred after opening to traffic, as shown in Figure 1. So, the temperature rise is the most important factor leading to deep ruts.
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FIGURE 1. Deep ruts.


In order to determine the cause of rutting, the construction technicians excavated the pavement where the ruts occurred, as shown in Figure 2. At the rut, the thickness of the HMA hardly decreased, while the cold recycled layer was obviously squeezed, which indicates that the deep ruts were formed because the EACRM, not the HMA, was further compacted. We refer to this process of further compaction of the EACRM after HMA paving as “secondary compaction.”


[image: image]

FIGURE 2. Cross section of the rut.


In order to confirm secondary compaction, the technicians directly chiseled with a piece of machinery similar to a road cutting machine, and then excavated the pavement manually. Finally, core drilling samples were taken in the cold recycled asphalt pavement before and after paving the HMA. Comparing the voidage of samples, it can be seen from Table 2 that the voidage of EACRM decreased significantly after HMA paving, which had a great impact on the performance of the EACRM.


TABLE 2. Voidage before and after paving HMA (%).

[image: Table 2]


Analysis of Secondary Compaction

The compaction of EACRM can be divided into two processes. The first compaction process occurs when the EACRM is rolled after it is paved at a normal temperature. In this process, the EACRM is compacted at a normal temperature. After this first compaction process, the voidage of mixture is generally about 11–14%, as seen in Table 2. This voidage is much higher than the technical requirement of HMA, which is about 4%. Thus, emulsified asphalt cold recycled can be further compacted.

The secondary compaction occurs in the HMA paving process. When paving HMA, the heat will be transferred downward, which will cause the temperature of the EACRM to rise. In addition, with repeated rolling, the cold recycled layer with large voidage will be further compacted.

This secondary compaction leads to a decrease of the voidage of the EACRM, which leads to significant changes in the performance of the EACRM. Existing design methods have not taken this process into account, resulting in a large difference between the design results and the actual situation, and the cold recycled asphalt pavement structure may suffer early damage.



Temperature Measurement and Prediction Equation in Secondary Compaction

As discussed in sections “Finding of Secondary Compaction” and “Analysis of Secondary Compaction,” the temperature rise is the most important factor leading to secondary compaction. In order to provide a basis for improving the existing design methods of cold recycled mixture, the temperature in the cold recycled layer was measured and analyzed.


Temperature Measurement

The temperature transducers with a wire, a display, and a sensor utilized in the experiment were common and easy to use. One end of the wire is a sensor, and the other end is a temperature display. Before paving the cold recycled layer, the sensors were placed at different depths (2, 4, 6, 8, 10, and 12 cm). When paving the cold recycled layer, no data were recorded, and the sensors were left in the new cold recycled layer. The timeline began when HMA was paved above the temperature sensors and the air temperature and initial temperature at each depth of the cold recycled asphalt pavement were recorded at the zero point. Then, the temperature data at different depths were recorded every 5 min. The time from paving to the rolling of HMA was generally about 1 h, and the recording time of the temperature data in the cold recycled asphalt pavement was extended by 1 h, for a total time of 2 h. Three groups of temperature data are shown in Tables 3–5.


TABLE 3. The first group of temperature data; air temperature 21°C, HMA temperature 160°C.

[image: Table 3]
TABLE 4. The second group of temperature data; air temperature 20°C, HMA temperature 155°C.

[image: Table 4]
TABLE 5. The third group of temperature data; air temperature 12°C, HMA temperature 155°C.

[image: Table 5]


Temperature Prediction Equation

The value of the temperature difference, ΔT, is the value by which the temperature at a certain depth of cold recycled asphalt pavement was more than the initial temperature value. Figure 3 presents that the ΔT curves of different measured data points at the same depth are very similar. Thus, in the temperature prediction equation of the cold recycled asphalt pavement, ΔT is determined as the dependent variable, while time t and depth H are determined as independent variables.


[image: image]

FIGURE 3. ΔT curves at (A) 2 cm, (B) 4 cm, (C) 6 cm, (D) 8 cm, and (E) 12 cm.


In this study, it was found that ΔT has a good correlation with the third power of time t and the square of depth H. Therefore, the temperature prediction equation of the cold recycled asphalt pavement when paving HMA is:

[image: image]
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where T0 refers to the initial temperature of the cold recycled asphalt pavement. In engineering applications, T0 can be generally determined according to the following conditions: when the daytime temperature is below 25°C, T0 can be determined as 25°C; when the daytime temperature is above 25°C, T0 can be determined as 35°C (Yang et al., 2010). It should be noted that the daytime temperature here refers to the temperature on the day when HMA is paved on the cold recycled asphalt pavement and the temperature data of more than 120 min should not be estimated by this equation. H is the depth of the cold recycled asphalt pavement, cm; t is time, min; a, b, c, d, e, f, g, h, and i are coefficients.

The regression results are a = 0.00343, b = −0.0609, c = 0.2217, d = −0.0802, e = 1.4546, f = −5.6486, g = 0.4867, h = −9.1549, and i = 39.8135.

As shown in Figure 4, the temperature curves of the prediction equation are close to those of the measured temperature data, which indicates that the prediction effect is good. Moreover, the prediction effect of the equation needs to be verified using more measured data, and the coefficients in the equation can thus be further modified.


[image: image]

FIGURE 4. Comparison between measured data and prediction data.




IMPROVED DESIGN METHOD OF EMULSIFIED ASPHALT COLD RECYCLED MIXTURE

Based on the physical indexes, such as void ratio of the core drilling samples of the test road and the temperature prediction equation, an improved design method was proposed in this section. In section “Specimen Shaping Method,” on the basis of the comprehensive consideration of the existing design methods of EACRM, an improved specimen shaping method was put forward. In section “Design Indexes and Standards,” design indexes and standards were introduced for the control of secondary compaction.


Specimen Shaping Method

A certain proportion of water needs to be added during the shaping process of the EACRM. However, there is no consensus method for the determination of the amount of water. It is generally believed that the higher the dry density, the greater the strength. Therefore, it is suitable that the water content (WC) corresponding to the maximum dry density is taken as the basis of the water addition.

In order to obtain the maximum dry density, the appropriate liquid content is needed for the cold recycled mixture. However, there is no universally accepted method to define and determine the most appropriate liquid content. After a large number of laboratory tests, it was found that the contribution of asphalt should not be equal to that of water, but nor can it be completely ignored. On this basis, the concept of “the optimal effective liquid content” (OLC) is proposed. The contributions of asphalt particles and water are 30 and 70%, respectively, for the reason that the test results showed that the water ratio determined by the concept of the OLC was more in line with the coating requirements of the cold recycled mixture.

For example, in the geotechnical compaction test, the optimal water content (OWC) is 4.0%, which is determined by the emulsified asphalt content whose asphalt–aggregate ratio is 4.0%. Then, the OLC equation is:

[image: image]

In the equation, 38.55 and 60%, respectively, represent the proportions of water and asphalt in emulsified asphalt. If emulsified asphalt is added where the asphalt–aggregate ratio of is 5.0% when the specimen is shaped, the additional water content (WC) is:

[image: image]

The key to simulating secondary compaction of the EACRM is to determine the number and temperature of each compaction. According to the current specifications in China, the number of the first compaction can be fixed as 50 times on both sides. Moreover, considering the temperature in different seasons, three different temperatures of 40, 25, and 10°C are adopted for the mixture mixing and compaction to correspond to the construction conditions in summer, spring, autumn, and winter, respectively.

Based on the temperature prediction equation in section “Temperature Prediction Equation,” during construction in spring and autumn, the temperature of the second compaction can be set as 60°C. As shown in Table 6, according to the 9.6% voidage value of core samples drilled in the field, it was determined that the number of the second compaction was about 46 times, which could be lowered to 45 times for convenience. In summer, the molding temperature of the second compaction can be determined as 70°C according to the temperature prediction equation.


TABLE 6. Test results of two compactions.

[image: Table 6]In this paper, the specimen shaping method of EACRM is the modified Marshall compaction method, which is modified based on the above analysis. The shaping method is as follows:


1.The OLC is determined by the geotechnical compaction test. The method is as follows: Select emulsified asphalt content EC0. Change the moisture content for the compaction test. The best moisture content corresponding to the maximum dry density of the mixture under this asphalt content is the OWC. Assuming that the percentages of asphalt and water in the composition of emulsified asphalt are Pa and Pw, respectively, the OLC is:

[image: image]

2.Add the mixture aggregate containing RAP to the mixer, with mineral powder and cement (if necessary), and calculate the water to be added according to Eq. 5. For the cold recycled mixture, of which the emulsified asphalt content is EC1, the WC to be added is as follows:



[image: image]

Add the WC according to the result of Eq. 6 and mix it for 60–70 s.


3.According to the calculated amount of emulsified asphalt, emulsified asphalt is added into the mixer to make the mixture mix evenly, and the mixing time is 60–70 s.

4.Put the well-mixed mixture into the test mold, compact it 50 times on both sides alternately with the Marshall compactor, and put it on the ground at room temperature for 24 h.

5.Put the specimens and the test molds in the oven at 60°C for 40–48 h;

6.In spring and autumn, directly take out the specimens and test molds from the oven and immediately compact them 45 times on both sides. In summer, before the end of curing, adjust the temperature of the oven to 70°C for more than 2 h, and then take them out and immediately compact them 45 times on both sides.

7.Place the test molds on the ground, cool at room temperature for at least 12 h, and then demould.





Design Indexes and Standards


Determination of Splitting Strength Index

The cold recycled mixture is generally set as the base course or the under layer of pavement. In this position, the cold recycled asphalt pavement may generate tensile stress under vehicle load. Therefore, it is reasonable to use splitting strength as the design index of cold recycled mixture. According to Chinese standards, the dry splitting strength at 15°C shall not be less than 0.4 MPa when cold recycled mixture is set as the base course and shall not be less than 0.5 MPa when cold recycled mixture is set as the under layer of pavement.

In this paper, it is proposed that the design standard of cold recycled mixture should be based on the road grade and the structure layer, rather than the unified standard. Combined with the relevant domestic literature, the South African Recycled Mixture Standards (Jenkins and Collings, 2017), and the indoor test results in this paper, it is suggested that the cold recycled mixture can be divided into four grades as shown in Table 7.


TABLE 7. Recommended grading standard for cold recycled mixture.
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Determination of Unconfined Compressive Strength Index

The compaction rutting of the cold recycled asphalt pavement can be considered the failure of high temperature resistance under the condition of high temperatures. The unconfined compressive strength test can effectively evaluate the high temperature resistance of asphalt mixture. In this paper, the high temperature unconfined compressive strength index will be used to control the ruts produced by secondary compaction.

The temperature of the unconfined compressive strength test can be determined according to the temperature prediction equation in section “Temperature Prediction Equation.” Considering the most unfavorable summer construction conditions, the initial temperature of the cold recycled asphalt pavement is taken as 35°C. Then, according to Equations (1) and (2), the temperature curves at each depth of the cold recycled asphalt pavement can be obtained, as shown in Figure 5. During the construction of HMA on site, the time from the beginning to the end of paving is about 60 min. After 60 min, there is no construction load, and the secondary compaction of cold recycled asphalt pavement will also end. Figure 5 indicates that the temperature at a depth of 2 cm reaches a maximum at 55 min, while the temperatures at depths of 4 and 6 cm are still rising; at 60 min, the temperature at a depth of 2 cm drops slightly compared with the highest temperature, and the temperatures at 4 and 6 cm rise. Therefore, the most unfavorable time is the period of 55 to 60 min. The temperature of the cold recycled asphalt pavement in this period can be determined by the temperature prediction equations, namely, Equations (1) and (2). The internal temperature of the cold recycled asphalt pavement is considered as average along the depth direction. The average value at 55 min is 61.0°C, and the average value at 60 min is 61.1°C. Thus, it is suitable to set the temperature of the unconfined compressive strength test as 60°C.


[image: image]

FIGURE 5. Temperature curves at each depth of cold recycled mixture when HMA paving.


In the technological transformation project of the Nanchang–Jiujiang Expressway, the compaction ruts occurred after paving HMA if the cold recycled mixture had 4.0% emulsified asphalt content. However, after reducing emulsified asphalt content to 3.0%, the compaction ruts problem was solved.

In view of the above-mentioned facts, in the laboratory unconfined compressive strength test, four specimens were shaped with emulsified asphalt amounts of 2%, 3%, 4%, and 5%. The results of the test are shown in Figure 6. As shown in Figure 6, it can be seen that the unconfined compressive strength of emulsified asphalt mixture at 60°C first increases and then decreases with the increase of emulsified asphalt content. The unconfined compressive strength of the mixture at 60°C with 4% emulsified asphalt is 0.285 MPa, and that with 3.0% emulsified asphalt is 0.386 MPa. If the unconfined compressive strength of cold recycled mixture at 60°C is less than 0.285 MPa, the index of unconfined compressive strength at 60°C should be between 0.285 and 0.386 MPa. In this paper, the median value of 0.336 MPa is proposed as the design index.


[image: image]

FIGURE 6. 60°C unconfined compressive strength (Mpa).


Based on sections “Specimen Shaping Method” and “Design Indexes and Standards,” the improved design method of EACRM is as follows:


1.According to the shaping method determined in section “Specimen Shaping Method,” shape four to five groups of specimens with different emulsified asphalt contents. Each group contains six specimens. Obtain the theoretical maximum density of each cold recycled mixture by vacuum method.

2.After demoulding, take out three specimens from each group and measure the physical indexes, such as gross volume density and voidage, by the wax sealing method.

3.Soak the three specimens without wax seals in 25°C constant-temperature water for 23 h, and then soak in 15°C constant-temperature water for 1 h. Take out the specimens and immediately conduct the wet splitting test at 15°C. At the same time, conduct the dry splitting test with specimens with wax seals at 15°C.

4.According to the test results of dry splitting strength and the recommended standards in Table 7, the range of emulsified asphalt consumption EC1–EC2 meeting the splitting strength index is determined.

5.Several groups of cylinder specimens (100 mm × 100 mm) with different emulsified asphalt content are shaped by the gyratory compactor. The shaping method index is 1.25°, 600 kPa, and 30 times rotated. For each asphalt content, two specimens are shaped for 60°C unconfined compressive strength tests. The amount of emulsified asphalt meeting the unconfined compressive strength index ranges from EC3 to EC4.

6.Take the intersection of EC1–EC2 and EC3–EC4 as the reasonable asphalt content range of emulsified asphalt cold recycling mixture. If the range of this intersection is large, the amount of emulsified asphalt shall be selected by comprehensive consideration of the two indexes. If EC1–EC2 and EC3–EC4 do not intersect, the cold recycled mixture should be designed again by adjusting the gradation, adding new aggregate, increasing the amount of cement, or changing the quality of emulsified asphalt.





APPLICATION


Redesign of the Nanchang–Jiujiang Expressway Emulsified Asphalt Cold Recycling Mixture With the Improved Method

It should be noted that RAP, mineral powder, cement, emulsified asphalt, grading, and other materials used in the improved method were the same as those of the Nanchang–Jiujiang Expressway project. The specific design method is as follows:


1.The OLC of cold recycled mixture was determined according to the maximum dry density of the geotechnical compaction test. When the emulsified asphalt content was 4%, the optimal moisture content was 4.0%. The proportions of asphalt and water in emulsified asphalt were 60 and 38.55%, respectively. Therefore, according to Eq. 3, the optimal liquid content was determined to be 4.6%.

2.Five groups of Marshall specimens were made according to 2, 3, 4, 5, and 6% emulsified asphalt content. The optimum WC of each emulsified asphalt was 5.3, 4.6, 4.0, 3.4, and 2.7%, respectively, according to Eq. 4. Water, RAP, and cement were added and mixed for 60–70 s.

3.According to the calculated amount of emulsified asphalt, emulsified asphalt was added into the mixer, and the mixing time was 60–70 s.

4.The well-mixed mixture was placed in the test molds. The test molds were compacted 50 times on both sides alternately with the Marshall compactor, then put on the ground at room temperature for 24 h.

5.The specimens and the test mold were place in an oven at 60°C for 40–48 h.

6.For construction during summer, the oven temperature was set to 70°C for more than 2 h at the end of curing. Specimens were then immediately removed and compacted 45 times on both sides alternately with the Marshall compactor.

7.The test molds were placed on the ground, cooled at room temperature for at least 12 h, and then demoulded.

8.The gross bulk density, voidage, and dry wet splitting strength of each group of specimens were tested.

9.Several groups of cylinder specimens (100 mm × 100 mm) with different emulsified asphalt contents (2, 3, 4, 5, and 6%) were shaped by the gyratory compactor. The shaping method indexes were 1.25°, 600 kPa, and 30 times rotated. For each asphalt content, two specimens were shaped for 60°C unconfined compressive strength tests.



The cold recycled asphalt pavement was designed as a base course for the Nanchang–Jiujiang Expressway. Combined with the test results indicated by Figure 7 and the improved design method, the dry splitting strength should meet the requirements of 0.6–0.8 MPa. According to Figure 7C, the range of emulsified asphalt content was about 3.1–5.0%. At the same time, a 60°C unconfined compressive strength index was used, so the emulsified asphalt content range was about 2.6–3.6% according to Figure 7D. Finally, the reasonable amount of emulsified asphalt was determined to be 3.1–3.6%. Moreover, for construction during summer, the amount of emulsified asphalt should be selected according to the larger value of 60°C unconfined compressive strength. Therefore, the final amount used was 3.1%.


[image: image]

FIGURE 7. Test results of improved design method. (A) Gross volume density (g/cm3). (B) Voidage (%). (C) 15°C splitting strength (Mpa). (D) 60°C unconfined compressive strength (Mpa).




Comparison of the Design Results Between the Improved Method and the Current Specification in China

The design method of the emulsified asphalt cold recycling mixture in the current specification in China refers to the Technical Specifications for Highway Asphalt Pavement Recycling (Research Institute of Highway Ministry of Transport [RIOH], 2008). The design results of the two methods are compared in Table 8.


TABLE 8. Design results comparison between improved method and current specification.

[image: Table 8]It can be seen that the content of emulsified asphalt designed by the current specification is nearly 2% higher than that of the improved method in this paper. Although the mixture’s splitting strength designed by the current specification is slightly higher than that designed by the improved method, its 60°C unconfined compressive strength has not reached the standard proposed in the improved method. Thus, when HMA is paved on the EACRM designed by the current specification, secondary compaction occurs, leading to deep ruts. The results of the comparison validate that the proposed design method can effectively avoid early damage to the cold recycled pavement. In fact, after implementing the improved design method, the problem of compaction ruts was solved in a practical project.



CONCLUSION

In this study, the secondary compaction of EACRM was clarified through field experiments and analysis, which indicates that it is necessary to improve the existing design methods. Therefore, a series of laboratory tests were conducted to determine the specimen shaping method, design indexes, and standards of the improved design method. Finally, the performance of the EACRM designed by the improved design method was compared to that designed by the current specification of China. The results of the comparison validate that the improved design method can effectively avoid early damage to the cold recycled pavement. In summary, the conclusion are as follows:

1.Emulsified asphalt cold recycled mixture is paved at a normal temperature, but it does not mean that the influence of temperature should not be considered. The design methods of common HMA can no longer be applied to the EACRM.

2.When HMA is paved, the EACRM will be further compacted, referred to as the secondary compaction process. In the indoor test, the secondary compaction process of EACRM should be simulated by compacting the specimen twice.

3.Based on the measured temperature of the EACRM and the comparison of the void ratio of the drilled core samples of the EACRM before and after HMA paving, the compaction temperature and compaction times were determined. The second compaction temperature is 70°C in summer and 60°C in spring and autumn; the number of double-sided compactions is 45.

4.It is suggested that splitting strength (15°C) and unconfined compressive strength (60°C) be used as the double index to determine the emulsified asphalt content.
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Snow and ice on asphalt pavement surface can significantly affect traffic safety and damage pavements. To reduce its effect, a kind of anti-icing emulsified asphalt binder (AEAB) is developed by adding a certain amount of anti-icing fillers to the modified emulsified asphalt binder. The anti-icing performance and pavement performance of AEAB coating are evaluated. The results show that: the basic properties of AEAB meet the requirement of road maintenance, and the AEAB has excellent anti-icing performance and bonding property. It can facilitate the ice-melting on pavement and reduce the adhesion force between pavements and ice, and the adhesion force can be reduced by about 50%. The AEAB coating can keep an excellent bonding state with the original pavement, which can prolong the service life of the coating. These findings demonstrated the potential of using AEAB coating on asphalt pavement to provide better pavement performance and contribute to traffic safety during snowfall.
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INTRODUCTION

Snow and ice on pavement surface can dramatically reduce the road skid resistance and cause the emergency braking distance on icy roads 6∼7 times that of normal roads (Dan et al., 2017). The low friction on road can pose a serious threat to the safety of pedestrians and vehicles, even can cause serious traffic congestion and induce a series of traffic accidents (Pan et al., 2015; Waluś, 2017). Besides, the melting of snow may aggravate the moisture damage to asphalt pavements (Huang et al., 2005). Therefore, researches on anti-icing and snow-melting technologies for asphalt pavement have always been the focus of road engineering.

In the past decades, regular snow removal or deicing methods included spraying chloride ice-melting agents and mechanical equipment such as snowplows and sweepers. However, these traditional methods not only demand a lot of professional workers and equipment but also may lead to high pollution and cause serious damages to the performances of pavements (Henry, 1991; Yehia and Tuan, 1999). To solve these problems of above passive ice-removal method, the anti-icing methods based on thermal melting technology have been studied and proposed, such as heating wire, infrared heating, microwave heating, solar energy collection technology, and electrically conductive pavements; these technologies are proved to be highly efficient in road deicing (Liu et al., 2007; Tang et al., 2008; Wang et al., 2008; Chen et al., 2011; Zhou et al., 2011; Pan et al., 2015; Daniels et al., 2019). Nevertheless, the pavements with heating systems are much more expensive and difficult to build than the normal pavements currently.

Another anti-icing method is to build self-ice-melting pavements by adding the anti-icing fillers into the pavements. The anti-icing ingredients will be released out from self-ice-melting pavements to facilitate the snow/ice-melting process and reduce the adhesion between ice and pavement surface during the snowfall (Pan et al., 2008; Wang et al., 2017; Tan et al., 2019). Due to the simple-operated advantage and excellent anti-icing ability of this technology, it has drawn more and more attention from worldwide countries and several commercial anti-icing fillers such as Verglimit, Mafilon, and Icebane have been produced and applied widely (Baldino et al., 2012; Li and Wang, 2012; Luo and Yang, 2015). For the purpose of improving the long-term performance of anti-icing filler, Tan et al. (2014) developed a sustained-release anti-icing filler to reduce the freezing temperature of the pavement to −25°C. To reduce the costs of anti-icing filler, Lei Peng et al. developed a calcium chloride anti-icing filler named Iceguard (Zheng et al., 2017). However, the researches on anti-icing fillers are mainly focused on newly-built pavement currently. As for so many pavements that have already been built, there is still a lack of anti-icing technology to ensure road safety in adverse weather (e.g., snow, frost, and freezing rain).

Coating technology is a preventive maintenance method that is suitable for in-service pavements, such as the fog seal and micro-surfacing. They have the potential to reverse the aging of in-service asphalt pavement, reduce cracking and raveling, and provide a better, longer-lasting pavement (Lin et al., 2012; Mamlouk and Dosa, 2014). Based on the coating technology and the good hydrophobic properties of hydrophobic materials, researchers have developed hydrophobic emulsified asphalt coating and super-hydrophobic coating on asphalt pavement for ice and snow removal (Peng et al., 2018; Han et al., 2019). However, the hydrophobic and super-hydrophobic coating can only reduce the adhesion between ice and pavement but do not have the ability to actively melt snow and ice, which greatly restrict their ice/snow-removal application on asphalt pavement. Therefore, to get a better anti-icing effect, the technology of anti-icing-emulsified asphalt binder coating is conducted based on the coating technology and anti-icing filler. Basically, the anti-icing emulsified asphalt binder (AEAB) is produced by adding water-repellent anti-icing fillers into an emulsified asphalt binder. The asphalt pavement coated with AEAB not only has excellent anti-icing properties but also can achieve the purpose of preventive maintenance. However, combining emulsified asphalt binder maintenance materials with anti-icing fillers may have adverse influences on the storage stability and other properties of emulsified asphalt. It is necessary to develop an applicable AEAB with excellent properties.

In this study, based on the dual requirements of maintenance function and anti-icing function, an AEAB was developed by adding a certain amount of anti-icing fillers to the modified emulsified asphalt binder. The anti-icing performance and pavement performance of AEAB coating were analyzed by laboratory tests, which proved the excellent properties and the feasibility of AEAB as pavement maintenance materials.



MATERIALS AND METHODS


Raw Materials


•Asphalt: The neat asphalt binder was LH-90# with basic properties shown in Table 1.




TABLE 1. Basic properties of neat asphalt.
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•Emulsifier: Cationic slow-cracking fast-setting emulsifier was used, and its properties are shown in Table 2.




TABLE 2. Basic properties of the emulsifier.
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•Stabilizer: Organic stabilizer hydroxypropyl methylcellulose (HPMC) was used to enhance the storage stability of the emulsified asphalt.

•Modifier: The main function of the modifier is to improve the bonding property of emulsified asphalt binder; the SBR and waterborne epoxy resin were used together as a compound modifier.

•Anti-icing filler: Two kinds of water-repellent anti-icing filler (Type A and Type B) were selected. They have different effect on reducing the freezing temperature of asphalt pavement. Type A and Type B are suitable for using in the ambient temperature above −10°C and −25°C, respectively. Their basic properties and size distributions are shown in Tables 3, 4.




TABLE 3. Basic properties of anti-icing fillers.
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TABLE 4. Size distributions of anti-icing additives (percent passing/%).
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Preparation of AEAB

The preparation process of AEAB generally includes three steps: emulsification, modification, and adding anti-icing fillers.

The steps of the emulsification process are as follows. First, the emulsions were obtained by mixing water of a pH value between 1.5 and 2.5 with the 1.8% emulsifier and 0.2% stabilizers. Then, the emulsions were poured into a preheated colloid mill and sheared for 3 min. Next, the heated neat asphalt binder was added to the emulsions and the oil-water ratio is 6:4. Last, after the binder was fully added, it was sheared in colloid mill for 5 min.

Then, there was the modification process; after the emulsified asphalt binder was cooled to room temperature, the high-shear mixer was used to mix the emulsified asphalt and compound modifier at a speed of 1200 rpm for 5 min. The contents of SBR and waterborne epoxy resin were 10% and 8%, respectively (based on the weight of emulsified asphalt binder).

Finally, the prepared emulsified asphalt binder and 20% anti-icing fillers were added into the mixer and stirred until particles of anti-icing filler were fully coated with modified emulsified asphalt binder. The modified emulsified asphalt binders mixed with Type A and Type B were named AEAB-1 and AEAB-2, respectively.



Test Methods


Basic Properties Test

According to the standard test methods of bitumen and bituminous mixtures for highway engineering in China (China Communications Press, 2011), softening point, penetration, ductility at 5°C, elastic recovery of evaporated residue test, and Brookfield viscosity test were carried out to evaluate the basic properties of AEAB and modified emulsified asphalt binder.



Zeta Potential Test

As a colloid, emulsified asphalt has a structure of electrical double layer. And the stability of electrical double layer is often characterized by the Zeta potential of colloidal solution (Salopek et al., 1992; Stachurski and MichaŁek, 1996). Table 5 shows the stability classification of colloidal materials (Tan, 2018). Due to the limitation of the light scattering instrument, it is impossible to test the Zeta potential of original material. To get relatively stable test results, the emulsified asphalt needs to be diluted a certain number of times before testing. According to the previous study (Tian, 2019), the storage stability time of emulsified asphalt is more than 20 h when Zeta potential of diluted solution (150 times) is higher than 30 mv. In this study, to get stable Zeta potential test results, the modified emulsified asphalt binder and AEAB are also diluted 150 times with distiller water, respectively. Then, the Zeta potentials of the diluted solution are measured by Malvem Zetasizer Nano ZS light scattering instrument to evaluate the storage stability of materials.


TABLE 5. Stability classification of colloidal materials.
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Ice-Melting Test

Firstly, the AC-16 Marshall specimens were manufactured according to the specification (China Communications Press, 2004) to simulate the pavement surface. Then, the AEAB was evenly brushed on the specimen surfaces with a dosage of 0.8 kg/m2. After the AEAB was fully cured, 100 g snow-ice particles (crushed ice scraped from the inner wall of the refrigerator) was used to cover the surfaces. Next, the specimens were divided into four groups for different testing temperatures (−5°C, −10°C, −15°C, and −25°C, respectively). Each group contained an AEAB-1-coated specimen, an AEAB-2-coated specimen, and an uncoated specimen. Finally, the specimens were placed in different environmental boxes at the fixed temperature for 5 h and the ice-melting conditions were observed to evaluate the anti-icing performance of AEAB.

Besides the laboratory tests, the real road brushed with AEAB (as shown in Figure 1) was also used to observe the anti-icing performance of AEAB. The coating dosage of AEAB is 0.8 kg/m2, and the coating area is about 16.5 m2.


[image: image]

FIGURE 1. The asphalt pavement brushed with AEAB.




Ice-Road Adhesion Test

Tan et al. (2013) have developed a system to test the adhesion between ice and asphalt mixture, as shown in Figure 2A. The ice-road adhesion test steps are as follows:


[image: image]

FIGURE 2. Ice-road adhesion test: (A) Testing device. (B) The profile of fixed specimen. (C) The damage interface of tested specimen.



(a)The AEAB is evenly brushed on the surface of AC-16 Marshal specimens with a dosage of 0.80 kg/m2. After the AEAB is fully cured, the specimen is fixed to the upper cover by three screws. Next, 100 g of water is injected into the groove of the device so that the water can be fully contacted with AEAB coating. The profile of the fixed specimen is shown in Figure 2B.

(b)Then, the specimens are placed in the environmental box at the fixed temperature for 12 h to simulate the freezing process of the road surface in winter.

(c)Finally, the MTS test system is used to apply load until the bonding interface between ice and specimen is completely broken. The loading rate is 20 mm/min. The maximum load is the ice-road adhesion force, and it is used as an index to evaluate the adhesion between the ice layer and pavements. Besides, the interface of the specimens after test (Figure 2C) can also be used to evaluate the deicing effect.



According to the above test steps, the ice-road adhesion forces of AEAB specimens before and after experienced freeze-thaw cycles are analyzed to evaluate the long-term anti-icing performance of AEAB. The process of the freeze-thaw cycle is as follows: First, 100 g of water is evenly sprayed on the surface of the specimen. Then, the specimen is placed in the environmental box at −60°C for 6 h to simulate the freezing process. Last, adjust the temperature to 25°C for 6 h to simulate the melting process. The ice-road adhesion of AEAB-coated specimens experienced 0, 5, 10, 15, 20, 25, and 30 times of freeze-thaw cycles is all tested. The AEAB-1-coated specimens are under the testing temperature of −5°C and −10°C. The AEAB-2-coated specimens are under the testing temperature of −15°C and −25°C. Besides, the ice-road adhesions force of uncoated AC-16 specimens at each temperature is also tested for comparison.



Bonding Test

The bonding test is used to evaluate the bonding property between the AEAB coating and the original pavement. The Defelsko PosiTest AT tester shown in Figure 3A was used for this purpose. The test steps are as follows:


[image: image]

FIGURE 3. Bonding test: (A) Testing device. (B) The Marshall specimen with a polished surface. (C) The testing schematic. (D) The prepared specimen.



(a)Firstly, the AC-16 Marshall specimens are manufactured according to the specification (China Communications Press, 2004). Then, the surface of the Marshall specimen is polished by accelerated polishing machine until the original asphalt film is peeled off. The specimen with a polished surface (shown in Figure 3B) is selected to simulate the surface condition of the in-service asphalt pavement. The testing value of British Pendulum Number (BPN) and the texture depth (TD) of the polished specimen are 68 and 0.94 mm, respectively, according to the specification (China Communications Press, 2008).

(b)The prepared coating materials (emulsified asphalt binder, modified emulsified asphalt binder or AEAB) are evenly brushed on the polished surfaces of different specimens, respectively, with a dosage of 0.8 kg/m2. After the emulsion is fully cured, the superglue is used to stick the spindles and coating together. The aim of using the superglue is to ensure that the bonding failure occurs between the coating and asphalt mixture not between spindles and the coating. Five test positions are selected randomly for each specimen. The testing schematic and the prepared specimen are shown in Figures 3C,D, respectively.

(c)Next, the prepared specimens are divided into three groups for different testing temperatures (−15°C, 25°C, and 60°C, respectively), and each group contains three different specimens coated by three kinds of coating material, respectively. Then, each specimen is placed in the environmental box at its testing temperature for 2 h.

(d)Finally, the tester is used to apply a tensile force to the spindles at a loading speed of 0.2 Mpa/s until the coating material is pulled apart from the asphalt mixture specimen.



The maximum tensile force is the bonding strength, and it is used as the index to evaluate the bonding property of coating materials. The larger the bonding strength is, the better the bonding property of coating material is.



RESULTS AND DISCUSSION


Basic Properties

The basic test results of AEAB and the modified emulsified asphalt binder are shown in Table 6. It can be seen that the Brookfield viscosity of AEAB is much larger than that of modified emulsified asphalt binder; this indicates that the addition of anti-icing filler has increased the viscosity and consistency of modified emulsified asphalt binder. The softening point of AEAB evaporative residue is above 70°C; it means that the AEAB has an excellent high-temperature performance. Compared with the modified emulsified asphalt binder, the 5°C ductility and 25°C elastic recovery of AEAB evaporated residue decrease slightly. It means that anti-icing fillers can slightly affect the low-temperature performance and elastic recovery ability of modified emulsified asphalt binder. All of the performance indexes of the AEAB meet the requirements of specification (China Communications Press, 2004), which proved the feasibility of AEAB as pavement maintenance materials.


TABLE 6. Basic properties of the materials.
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Storage Stability

The Zeta potentials of modified emulsified asphalt binders at different storage times are shown in Figure 4. It can be seen that the Zeta potential of modified emulsified asphalt binder fluctuates slightly at 66 mv during 15 days. According to the stability classification of colloidal materials from Table 5, it is clearly indicated that the modified emulsified asphalt binder has excellent long-term storage stability. The Zeta potential of newly prepared AEAB is about 45 mv. It means that adding anti-icing fillers into modified emulsified asphalt binder will reduce the storage stability of modified emulsified asphalt binder. But the Zeta potential of AEAB is still greater than 30 mv, which indicates that the storage time of AEAB is more than 20 h. It also means that the AEAB can maintain a uniform and stable state without demulsification more than 20 h. So, there is enough time for the production and construction of AEAB.


[image: image]

FIGURE 4. Zeta potential of modified emulsified asphalt binder at different storage time.




Anti-icing Performance

The surface conditions of the specimens in the environmental box are shown in Figure 5. It is observed that the snow-ice particles on the surface of AEAB-coated specimens are much less than that on the surface of the uncoated specimens. It means that the AEAB coating has an obvious effect on facilitating the melting of snow and ice. From Figures 5B–E, it can be seen that the amount of snow-ice particles on the specimen increases obviously with the decrease in temperature. It means that the effect of the AEAB decreases with decrease in temperature. But it still has the snow-melting ability when the temperature is −25C. Besides, the ice-melting condition of AEAB-1 coating and AEAB-2 coating are similar to each other at the same temperature; this may happen because the observing time is too short to show the anti-icing differences between the two types of anti-icing fillers.


[image: image]

FIGURE 5. Comparisons of ice-melting test at different temperature: (A) Initial state of each group. (B) −5°C. (C) −10°C. (D) −15°C. (E) −25°C.


The ice-road adhesion force of the uncoated specimens and the AEAB coated specimens is shown in Figure 6. It can be seen that, under the conditions of −5°C, −10°C, −15°C, and −25°C, the ice adhesion forces of AEAB-coated specimens have decreased by 49.3%, 67%, 53.6%, and 46.5%, respectively, compared with that of uncoated specimens. It means that AEAB coating can dramatically reduce the adhesion force between ice and asphalt pavement, which is very helpful for the snow/ice removal. The interfaces of the specimens after ice-road adhesion test are shown in Figure 7. It is found that there is basically no ice covering on the surface of the AEAB-coated specimens, which proves that the ice is easy to pull off from the specimen due to the reduction of ice-road adhesion force.


[image: image]

FIGURE 6. Ice-road adhesion force of AEAB coated and uncoated specimens at different temperature.



[image: image]

FIGURE 7. The interface of the AEAB-coated specimens after ice-road adhesion tests: (A) −5°C. (B) −10°C. (C) −15°C. (D) −25°C.


The ice-road adhesion forces of the specimens experienced different times of freeze-thaw cycles are shown in Figure 8. It can be seen that the ice-road adhesion force of AEAB-1- and AEAB-2-coated specimen increases slightly with the increase in times of freeze-thaw cycles. It is mainly due to the constant release of anti-icing ingredients, which slowly decreases the deicing effect of AEAB. Besides, the freeze-thaw cycle can also cause an increase in the adhesion force between ice and specimen. Nevertheless, after the AEAB coated has experienced 30 times of freeze-thaw cycles, the ice-road adhesion force of AEAB-coated specimen is still lower than the ice-road adhesion of uncoated specimens that do not experience the freeze-thaw cycle. It indicates that the release rate of anti-icing ingredients has been maintained at a moderate level and the AEAB can well keep its adhesion-reduce function.


[image: image]

FIGURE 8. Ice-road adhesion force of different times of freeze-thaw cycle: (A) AEAB-1-coated specimen. (B) AEAB-2-coated specimen. The dash line in the figure indicates the ice-road adhesion of uncoated specimens that do not experience the freeze-thaw cycle.


Figure 9A shows the snow-melting conditions of the uncoated area and the AEAB-coated area on the asphalt pavement after a light snow. It can be seen that there is barely any snow covering the AEAB coated area compared with the uncoated asphalt pavement. It is direct evidence that the AEAB coating on asphalt pavement can facilitate the melting of snow to realize a self-ice-melting function. When the snow is heavy, the mechanical equipment is used to remove the snow on the asphalt pavement. Figure 9B shows that the snow-removing conditions of the uncoated area and the AEAB coated area on the asphalt pavement after heavy snow. It can be seen that the snow remaining on the AEAB-coated area is obviously less than that on the uncoated area. It proves that the snow/ice is easy to clear due to the reduction of ice-road adhesion force on the AEAB-coated pavement.


[image: image]

FIGURE 9. Observation during snowing weather in Harbin China. (A) Snow-melting conditions after light snow in November 2019. (B) Snow-removing conditions after heavy snow in December 2019.




Bonding Properties

The bonding strengths of the emulsified asphalt binder, modified emulsified asphalt binder, and AEAB were tested, and the results are shown in Figure 10. It can be seen that, compared with the bonding strength of emulsified asphalt (shown as EA in the figures), the bonding strengths of modified emulsified asphalt binder (shown as MEA in the figures) increases significantly. This indicates that the compound modifier has an obvious effect on improving the bonding properties of the emulsified asphalt binder. Besides, comparing the bonding strength of modified emulsified asphalt binder with that of AEAB (shown as AEAB-1 and AEAB-2 in the figures), it shows that the bonding strengths of modified emulsified asphalt binder slightly changes after adding anti-icing fillers. It means that the participation of anti-icing filler has little effect on the bonding properties of modified emulsified asphalt binder. In a word, the bonding test proves that the AEAB has an excellent bonding state with the original pavement, which can prolong the service life of the coating.


[image: image]

FIGURE 10. Bonding strength of different coating materials at different temperature: (A) At −15°C (B) At 25°C (C) At 60°C. In the figures, EA represents the emulsified asphalt binder, and MEA represents the modified emulsified asphalt binder.




CONCLUSION

In this paper, a kind of AEAB was developed by adding anti-icing fillers into a modified emulsified asphalt binder. The anti-icing performance and pavement performance of AEAB coating were analyzed. The major conclusions of this study can be drawn:


(1)Although the participation of anti-icing fillers can slightly affect the low-temperature performance and elastic recovery ability of modified emulsified asphalt binder, all of the performance of AEAB can still meet the requirements of the specification.

(2)The AEAB coating has excellent anti-icing performance. It can facilitate the melting of snow and ice on pavement and dramatically reduce the adhesion forces between ice and road, which is helpful for the snow/ice removal and the maintaining of skid resistance on asphalt pavement.

(3)The compound modifier has an obvious effect on improving the bonding properties of AEAB. The AEAB coating can keep an excellent bonding state with the original pavement, which can prolong the service life of the coating.

(4)The study has proved that the AEAB has the necessary storage stability for the actual construction. Future research should be conducted to develop a kind of AEAB that has a longer storage stability time, and the anti-icing mechanism of AEAB coating needs to be further studied.
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Carbon nanofiber (CNF) is a nanomaterial with unique mechanical properties, which can improve the properties of composite materials effectively. Research focusses on the impact of CNF on asphalt, asphalt binders, and mixtures. Traditional emulsified asphalt presents a limited performance at both high and low temperatures. Emulsified asphalt with a better performance, is therefore required in engineering. Referring to research on CNF-asphalt, CNF is considered to improve the performance of emulsified asphalt. In this study, a preparation method for CNF modified emulsified asphalt with styrene-butadiene rubber (SBR) was proposed. Ultrasonication and surfactant were utilized to disperse the CNFs in water. The optimum dispersion surfactant percentages and ultrasonic energy density to disperse CNFs were determined through ultraviolet-visible spectra (UV-vis spectra). The modified emulsified asphalt was produced using CNFs suspension with SBR as a modifier, and the properties of the residue, with different percentages of CNFs, were tested. Gel permeation chromatography (GPC) was performed to analyze the molecular size distribution. The results indicated that CNFs significantly improved high-temperature performance of the residue but decreased low-temperature properties. The addition of SBR not only perfected storage stability but also improved low-temperature performance by introducing more small molecules.

Keywords: carbon nanofiber, dispersion, SBR, residue properties, GPC


INTRODUCTION

In the past few years, nanomaterials, especially carbon nanotube (CNT) and carbon nanofiber (CNF), have presented advantages in composite materials and has attracted extensive investigation. There are many studies on the application of CNT/CNF in civil engineering because of their extraordinary properties (Pacheco-Torgal and Jalali, 2011). For example, carbon nanofibers exhibit excellent mechanical properties with Young’s modulus from 25 to 200 GPa (Lawrence et al., 2008) and tensile strength of up to 12 GPa (Mordkovich, 2003).

For CNF reinforced composite materials, it is vital to obtain a uniform dispersion of CNFs in the matrix material to take advantage of the excellent mechanical properties of CNFs. Compared to CNF, there are more studies on the dispersion of CNT that indicate the effectiveness of surfactant and ultrasonication to disperse CNTs in water uniformly (O’Connell et al., 2002; Strano et al., 2003). Considering a similar surface structure between CNT and CNF, the dispersion principle and method for these two materials should therefore also be similar.

There are many studies that focus on CNF reinforced cement. A. Yazdanbakhsh and Zoi S. Metaxa provided a method to produce carbon nanofiber modified cement with surfactant and ultrasonication (Yazdanbakhsh et al., 2009, 2010; Metaxa et al., 2013): first, CNFs were dispersed through ultrasonication in water containing surfactant, then the suspension was added to cement instead of water, and participated in hydration. Konsta-Gdoutos MS and Shah et al. researched CNF-cement composites further. They found significant improvements in flexural strength, Young’s modulus, flexural toughness, and fracture toughness (Gdoutos et al., 2016). Zhu et al. (2018) researched the effect of the interfacial transition zone on Young’s modulus of CNF reinforced cement concrete. Moreover, there is also research that indicates that the addition of CNFs significantly influences resistance to corrosion, electrical conductivity, and resistivity sensibility to structural damage of the nanocomposites (Galao et al., 2014; Konsta-Gdoutos and Aza, 2014; Konsta-Gdoutos et al., 2017).

The success of CNFs-cement composites has motivated studies on CNFs modified asphalt. According to the production of CNFs-cement materials, to prepare a CNF-asphalt composite material, the CNFs can be dispersed in the solvent and then be added to the asphalt. Khattak et al. (2013a) dispersed CNFs in kerosene or acetone by ultrasonication and then added the mixture into the asphalt. Kerosene or acetone eventually evaporated by heating (Khattak et al., 2013a, b). Asphalt mixtures with nanofibers also exhibit excellent mechanical properties like enhanced stiffness, higher dynamic modulus (Khattak et al., 2013a), and higher resistance to cracking under repeated loads (Khattak et al., 2013b). Furthermore, Khattak et al. (2013a) also studied the impact of CNFs modified asphalt on asphalt binder rheology through dynamic shear rheometer (DSR). They found that visco-elastic response and fatigue life were improved, which indicated higher resistance to rutting and fatigue (Khattak et al., 2012). Goh’s research demonstrated that CNFs improved moisture susceptibility performance (decrease the moisture damage potential) of the mixture in most cases, and hot-mix asphalt mixture exhibited the greatest tensile strength with 0.75 wt% nanofibers (Goh et al., 2011). Despite these achievements, there are still issues. Generally, CNFs are easy to disperse in water with the assistance of surfactant and ultrasonication (get suspension), hence, there is a relatively uniform dispersion of nanofibers in cement, of which the suspension is a composition. By contrast, it is more difficult to disperse CNFs in asphalt directly, since the ultrasonication fails to work in high viscosity and hot liquid. Although agents like kerosene facilitate dispersion, they must ultimately be removed. Additionally, incomplete removal can affect performance.

Compared to the hot asphalt, considering that emulsified asphalt consists of asphalt and water, it is possible to produce emulsified asphalt with evenly dispersed CNFs by obtaining suspension first. Moreover, emulsified asphalt and relevant materials such as cold recycled mixture and cement asphalt emulsion mortar are environmentally friendly, however, their poor properties limit further development (Ouyang et al., 2018, 2020). It is therefore necessary to improve the performance of cold recycled mixture and cement asphalt emulsion mortar, of which improving the properties of emulsified asphalt is essential.

This paper proposed a method to prepare CNF modified emulsified asphalt. According to present research, CNFs only enhance high temperature performance, so in this study, SBR was used as a modifier. Furthermore, the properties of the evaporation residue of the emulsified asphalt were investigated. Gel permeation chromatography (GPC) was performed to analyze the effect of SBR on the molecular size distribution and low-temperature properties.



PREPARATION OF CNFs MODIFIED EMULSIFIED ASPHALT


Materials

One 70# asphalt is selected as the base asphalt (Table 1). Carbon nanofibers are black powder (Figure 1) provided by Nanjing XFNANO Materials Tech Co., Ltd. All the CNFs are as-grown vapor grown carbon nanofibers (VGCNFs) produced at a high temperature with stable properties. The characteristic properties of CNFs are shown in Table 2. The surfactant is a kind of pale-yellow transparent liquid with a density of 0.98 g/ml provided by BASF Chemicals Co., Ltd (ID: GS8325).


TABLE 1. Properties of asphalt.
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FIGURE 1. CNFs used in this study.



TABLE 2. Properties of carbon nanofibers (CNFs).
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Dispersion of CNFs

Emulsified asphalt consists of water and asphalt, so it is feasible to disperse CNFs in water and to then produce modified emulsified asphalt. The surfactant provided by BASF Chemicals Co., Ltd. was used in this study to improve the dispersion of CNFs and the stability of the suspension. VCX800 purchased from Sonics & Materials Co., Ltd. performed ultrasonication with a probe of a diameter of 25 mm. Ultrasonication caused a cavity (cavitation effect) and provided energy through a cavity burst to overcome the Van der Waals forces between nanofibers and disrupted CNFs aggregation. Surfactant attached on the surface of individual CNF enhanced the isolation. This process is exhibited in Figure 2. After ultrasonication, CNF aggregation was dispersed into individual CNF surrounded by surfactant molecules.


[image: image]

FIGURE 2. Dispersion process: (a) unprocessed (b) during process (c) after process.


To obtain the optimum dispersion, ultrasonication energy density (KJ/L) and the amount of surfactant are significant factors (5), which should be determined in advance. In this study, the ultrasonic instrument was input energy with a constant power of 70 W. The energy density varied from 3000 KJ/L to 7000 KJ/L, and the weight ratio of CNFs to surfactant varied from 1:3 to 1:5.



UV-vis Spectra

Individual CNT is active in the UV-vis spectra and exhibits characteristic bands corresponding to additional absorption due to van Hove singularities (Saito et al., 1992). Some researchers have obtained a strong peak of UV-vis spectra at the wavelength of approximately 250 nm (Chen et al., 1998; Grossiord et al., 2005; Yu et al., 2007; Cui et al., 2017). There is a certain similarity in the microstructure between CNF and CNT, so the UV-vis spectra can also be used to evaluate the dispersion of CNFs. The relationship between absorbance and solution concentration can be determined by Lambert-Beer law as follows (Formula 1), where A is the absorbance; T is the transmissivity; K is the molar absorptivity; b is the thickness of the absorption layer (cm); c is the concentration of light-absorbing substances (mol/L). A higher peak value at a particular wavelength indicates a higher concentration of individual CNF in suspension, presenting a better dispersion state.

[image: image]

There is a positive correlation between absorbance and solute concentration only when absorbance ranges from 0.2 to 0.8, according to the Lambert-Beer law. The suspension was therefore diluted by 50 times its volume before measuring to control the absorbance (Figure 3).


[image: image]

FIGURE 3. Dilution of suspension for UV-vis spectra.


UV-vis spectra of all suspension with different energy density and surfactant content were performed with a sweep of wavelength from 200 to 500 nm. The results are demonstrated in Figure 4. Absorbance all appears within the expected range (0.2–0.8), so the results are valid.


[image: image]

FIGURE 4. Absorbance of CNFs suspension with different energy density and weight ratio of CNFs to surfactant.


There is an additional absorption peak for each group at a specific wavelength of 246 nm. The highest peak in Figure 4 indicates that the optimal dispersion method is to disperse CNFs using ultrasonication at an energy density of 5000 KJ/L, accompanied by the addition of surfactant at a weight ratio of 1:5 to CNFs. It is noticeable that ultrasonication energy density and surfactant both impact disaggregation significantly. With the same surfactant content, the peak value of absorbance increases with the increase of energy density from 3000 to 5000 KJ/L and then decreases at a higher energy density. Similarly, under a constant energy density, more surfactant (weight ratio of CNFs to surfactant varies from 1:3 to 1:5) first contributes to a higher peak, then the absorbance decreases at the ratio of 1:6.



Preparation of Emulsion Containing CNFs and Emulsification

Colloidal mill MD-1 from Jiaxing Mide Machinery Co., Ltd. was utilized. In this study, the mass ratio of asphalt to emulsion (water and emulsifier) was 65:35. The emulsifier was SBT-50, provided by Westvaco Corporation. In this research, the emulsifier accounted for 3.9% of the mass of emulsified asphalt.

Carbon nanofibers content was determined by weight ratio to asphalt (0.1, 0.3, 0.5, and 1.0 wt%). First, CNFs were dispersed according to the optimal method above. The emulsifier was then dissolved into the suspension to obtain an emulsion. Hydrochloric acid was added to adjust pH value (pH≈2). Before production, the mill was heated, then materials were added to the colloid mill in this order: emulsion at 70°C was added and circulated for about half a minute, then hot asphalt at 135–145°C was added with a constant speed to ensure uniform mix. For example, assuming the mass of emulsified asphalt is M, and the CNFs content is 0.1 wt%, the whole process is demonstrated in Figure 5.
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FIGURE 5. Proportion of material and preparation for CNFs-emulsified asphalt.


After production, ammonium chloride (NH4Cl) was added as a stabilizer. NH4Cl content varied as 0, 1, and 3 wt% (weight ratio to asphalt). 1 wt% SBR latex (weight ratio to emulsified asphalt) was added as a modifier. Table 3 shows the ID of groups with 0.1 wt% CNFs. The ID of groups with 0.3, 0.5, and 1.0 wt% CNFs are similar.


TABLE 3. Experimental group setting (0.1 wt% CNFs for example).
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EXPERIMENTS


Storage Stability

Storage stability (1 day) at room temperature was investigated to estimate the feasibility of this preparation method. Emulsified asphalt was settled in the storage stability tube for 1 day, then the asphalt content of the 50 ml sample from the top and the 50 ml sample from the bottom were calculated, respectively. Their difference presents storage stability. In most situations, the emulsified asphalt is used immediately after production, so the stability of 1 day is enough to prove engineering suitability.



Basic Properties of the Modified Emulsified Asphalt

In this study, to investigate the influence of CNFs and SBR, traditional experiments were performed. The emulsified asphalt was heated to remove moisture primarily. In this process, the temperature slowly increased and was below 180°C to avoid asphalt aging. Then the penetration (25°C), softening point, rotational viscosity (135°C), and ductility (5°C) were tested according to experiment specifications. Each experiment was performed three times, and the average was calculated as the final result.



Gel Permeation Chromatography (GPC) Test

Emulsified asphalt consists of components with various molecular weights, that significantly influence the properties of asphalt. In this study, the GPC test was performed to analyze the molecular weight distribution and to investigate the impact on properties. Tetrahydrofuran (THF) was selected as the solvent to dissolve the 20 mg emulsified asphalt sample. A combination of three columns was used for separating components with various molecular weights. The solution passed through the columns at a flow rate of 1 mL/min.




RESULTS AND DISCUSSION


Storage Stability and Properties

Experiment results of modified emulsified asphalt with 0.1 wt% CNFs are exhibited in Table 4.


TABLE 4. Properties and storage stability of modified emulsified asphalt (0.1 wt% CNFs).
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Negative influence on stability is introduced by CNFs: the sample of 0.1 C presents unqualified stability that is much more than the specification requirements (<1%). However, NH4Cl significantly improves storage stability. After adding the stabilizer, the CNFs modified emulsified asphalt exhibits excellent stability (less than 1%). The ability of group 0.1C1N1S is almost the same as group 0.1C3N1S, which indicates that the 1.0wt% stabilizer is economical. It can be thus be concluded that SBR seldomly impacts stability.

Compared to the control group, the addition of CNF improves the high-temperature properties of the residue by an increase in the softening point and rotational viscosity and a decrease in penetration. Nevertheless, on the other hand, CNFs also worsen performance under low temperatures. There is no ductility value for groups 0.1C, 0.1C1N, and 0.1C3N because specimens fractured immediately under tension at 5°C. This undesirable impact can be changed by SBR; samples with SBR show significantly higher ductility, which presents better low-temperature performance. Further, SBR also slightly improves high-temperature properties.



Effect of CNFs Content

To investigate the effect of CNFs content on the properties of the residue, samples with 0.3, 0.5, and 1.0wt% CNFs underwent the same experiments. The results are shown in Figure 6.


[image: image]

FIGURE 6. Penetration, softening point and rotational viscosity with various CNFs percentages.


It can be seen from Figure 6 that with the increase of CNFs percentages from 0 to 0.5wt%, the penetration of residual asphalt decreased remarkably, while the softening point and rotational viscosity increased, which indicates an improvement in temperature performance. However, a further increase of CNFs percentages (to 1.0wt%) induces a higher penetration value, lower softening point, and lower rotational viscosity than those of 0.5wt%. Compared to the control group, the residue asphalt with 0.5wt% CNFs exhibits the best high-temperature performance, with penetration decreasing by 22.4%, the softening point increasing by 18.9%, and the rotational viscosity increasing by 164.6%.

This phenomenon may be explained by the network of CNFs. Individual CNF interconnects to form a micro-network to improve high-temperature properties. More CNFs facilitate and strengthen the network structure, which stiffens the asphalt and results in better high-temperature performance. However, excessive CNFs may interfere with network formation, and the high-temperature properties worsen to some extent.



GPC Results and the Effect of SBR

Gel permeation chromatography results of the emulsified asphalt with 0.5wt% CNFs were selected to analyze the particle size distribution and the effect of SBR. Figure 7 shows the initial results of GPC, and relevant data are presented in Table 5.
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FIGURE 7. GPC original results of modified emulsified asphalt.



TABLE 5. GPC data of samples with and without SBR.
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In the GPC test, smaller molecules stay in columns for longer, so the peak appears later. Figure 7 shows that before adding SBR, two peaks appear at the time of 3.575 and 9.466 min, respectively. The addition of SBR causes two peaks to shift to the right, appearing at 5.616 and 9.469 min, which indicates the proportion of smaller molecule increases.

Table 5 exhibits three primary data from GPC: Mn and Mw are average molecular weight in terms of number and weight statistics, respectively, and their ratio Mw/Mn presents the distribution width of molecules. The addition of SBR reduces Mn and Mw significantly, which means an increase in the proportion of small molecules. Moreover, the Mw/Mn value of the sample with SBR is far less than that without SBR, meaning a more concentrated distribution. It can be concluded that after adding SBR to the emulsified asphalt, more molecules are small molecules that distribute in a smaller range.

This conclusion is consistent with the results of ductility and storage stability. More small and flexible molecules enhance the elasticity of the residue asphalt, so the ductility under low temperature increases. Since smaller molecules settle more slowly, the stability is thus improved. On the other hand, even though SBR enhances the performance at a low temperature, it seldomly influences the high temperature properties like penetration and the softening point, because the high temperature performance strongly depends on the network of CNFs but the SBR fail to interfere with the network.




CONCLUSION

A method to produce CNFs modified emulsified asphalt with NH4Cl and SBR was proposed based on ultrasonication. The performance of CNFs modified emulsified asphalt was then evaluated. A GPC test was performed to investigate the effect of SBR on molecule distribution. The following conclusions were obtained:


(1)A combination of ultrasonication and surfactant is effective to disperse CNFs. To achieve uniform dispersion, the optimum weight ratio of surfactant to CNFs is 1:5, and the optimum energy density is 5000KJ/L.

(2)A method to produce CNF modified emulsified asphalt was proposed by dispersing CNFs in water with surfactant and ultrasonication in advance. The emulsifier was then dissolved into the suspension. Hot asphalt and emulsion were mixed in a colloidal mill to produce modified emulsified asphalt.

(3)Storage stability of CNF modified emulsified asphalt cannot meet the requirements, but the addition of NH4Cl improves storage stability effectively, and SBR will not influence the stability.

(4)The addition of CNFs increases the high-temperature performance and decreases the low-temperature properties of the residue. Residue with a CNFs percentage of 0.5 wt% exhibit the best high temperature performance (penetration decreased by 22.4%, softening point increased by 18.9%, and rotational viscosity increased by 164.6%).

(5)GPC results indicate that SBR improves low-temperature ductility of residue asphalt significantly by increasing the proportion of small molecules.
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The objective of this research was to improve the scientificity of the design method of the cold patching asphalt mixture (CPAM). Firstly, the curing temperature for CPAM was optimized. In addition, based on the traditional Marshall mix design method, the volume parameters of CPAM were converted, and the low-temperature workability index was added. This is the modified Marshall mix design method to determine the optimal asphalt aggregate ratio of CPAM. Then, the initial strength, forming strength, storage stability, water stability, and high-temperature stability of CPAM were tested. The properties of CPAM designed by using the modified Marshall mix design method were compared with those of CPAM designed by using the traditional Marshall mix design method and the empirical formula method. The test results show that the optimal asphalt aggregate ratio of CPAM is 5.38%. The recommended oven curing temperature for the CPAM specimen is 90°C. The initial strength and forming strength of CPAM meet the requirements, and the forming strength can reach about twice the initial strength. The stability of CPAM increases with an increase in storage time. High-temperature performance is good. These properties of CPAM designed by using the modified Marshall mix design method were all superior to those of the CPAM designed by using the traditional Marshall mix design method and the empirical formula method, and the water stability is similar to that of the CPAM designed by the traditional Marshall mix design method. The CPAM designed by using the modified Marshall mix design method shows better road performance, which shows that the modified procedure in this study is feasible and can be recommended as the mix design method for CPAM.

Keywords: Cold patching asphalt mixture, mix design, modified marshall mix design method, volume parameters, low-temperature workability, road performance


INTRODUCTION

Hot mix asphalt is widely used in road paving and repair because of its excellent performance as pavement (Yang et al., 2011). However, in the process of mixing, transportation, and placement of hot mix asphalt, the temperature required and its control are relatively high and strict, respectively (Li et al., 2017). High temperature causes not only great energy consumption but also severe environmental pollution (Diaz, 2016). Poor temperature control will cause aging of the asphalt mixture, which affects its fatigue performance and service life (Khan et al., 2016; Liu et al., 2020). Hot mix asphalt mixture cannot be produced at low temperature and in rainy weather. The damage to pavement in winter can only be repaired after April of the next year, which not only aggravates the damage to the road but also affects its comfort and safety (Ling et al., 2007). In view of these problems, cold patching asphalt mixture (CPAM) is very popular in pavement repair due to its excellent characteristics such as environmentally friendliness, low energy cost, convenient placement procedure, and sustainability and the fact that is is almost always ready to be used.

At present, there are many kinds of CPAM on the market. According to the type of solution, they can be divided into three types: solvent type, emulsion type, and reaction type (Doyle et al., 2013). In the existing research on CPAM at home and abroad, the main focus is on performance improvement. Approaches include designing moisture-resistant CPAM, high-strength CPAM, and crack-resistant CPAM. Bentonite (a kind of nano clay with strong water absorption) or microbial carbonate precipitation (MCP) has been added to CPAM with the objective of improving its capacity for moisture resistance. Moreover, these additives enhance the dehumidification and water damage prevention characteristics related to CPAM (Ling et al., 2016; Dong et al., 2018; Alenezi et al., 2019; Attaran Dovom et al., 2019). Besides, the use of cementing material instead of the emulsion can achieve the same effect. Generally, cement is added to CPAM when high strength is needed from this asphalt mixture (Shanbara et al., 2018). Fiber is added to CPAM with the goal of enhancing its tensile modulus significantly (Gómez-Meijide and Pérez, 2014). The improvement of tensile properties plays a vital role in slowing down crack growth in asphalt mixture, and permanent deformation is also significantly reduced. Cold patching asphalt mixture has been widely used in actual pavement repair and has achieved some results (Guo et al., 2014; Ma et al., 2016). However, research related to CPAM is not as mature as that associated with hot patching asphalt mixture. The early performance of CPAM is worse than that of hot patching asphalt mixture. The mechanical properties of the mixture are greatly affected by the mixing sequence and the interface formed. The stability of the aggregate skeleton and the bond strength between aggregate and binder are positively related to the rutting resistance (Ma et al., 2018; Zhang et al., 2019; Chen et al., 2020). There is not an mature method for designing a set of mix proportions for CPAM (Song et al., 2014; Saadoon et al., 2017). At present, the majority of research has used the mix proportion design method of hot mix asphalt mixture (Marshall mix design method) to design CPAM (Li et al., 2010; Dash and Panda, 2018). Additionally, the empirical formula methods of California and Tongji University are also used to calculate the amount of cold asphalt binder (Song and Lv, 1998). Cold patching asphalt mixture is different from hot mix asphalt mixture, as it need not be heated during construction. The Marshall mix design method is not suitable for designing CPAM, and the parameters of Marshall mix design (stability and flow value) have a weak correlation with the road performance of CPAM (Xu et al., 2018). The empirical formula method is greatly influenced by gradation and local climate, and the design method lacks volume index control, so the durability of the mixture is difficult to guarantee (Meng et al., 2011).

Based on the characteristics of CPAM, the Marshall mix design method was modified in this study. The road performance of three kinds of CPAM designed by using the modified Marshall mix design method, the Marshall mix design method, and the empirical formula method were tested. The comparative analysis verified the usefulness of the modified Marshall mix design method, which provides a reference for designing CPAMs.



MATERIALS AND METHODS


Raw Materials

The research object of this study is the solvent used in CPAM, which is composed of neat asphalt or modified asphalt, diluent, additive, and aggregate.


Neat Asphalt

The neat asphalt used in this research is Sinopec Donghai 70PG# road petroleum asphalt; its main technical characteristics were obtained, and the results are shown in Table 1.


TABLE 1. Test results of technical indices of base asphalt.

[image: Table 1]


Diluent

The diluent can reduce the viscosity of asphalt so that CPAM has good workability under low temperature. The diluent should have good solubility in asphalt. Considering safety, volatility, and economy, the diluent used in this study was diesel oil.



Additive

The cold patching additives are generally patented by the manufacturer. In this research, the additive PR-JW03A was optimized. PR-JW03A was produced by Shenzhen Jiashengwei Chemical Technology Co., Ltd. This additive is a special polymer chemical product composed of a variety of polymers that can improve the properties of asphalt when added to ordinary road asphalt. Its technical indicators are shown in Table 2.


TABLE 2. Technical indices of PR-JW03A cold patching asphalt additive.

[image: Table 2]


Coarse Aggregate

The coarse aggregate plays an important supporting role in the mixture skeleton and is the main part of the pavement bearing load. Limestone was used as a coarse aggregate in this study. According to the requirements of the specification, the relevant technical indices of the coarse aggregate were obtained; the test results are shown in Table 3.


TABLE 3. Mechanical index of coarse aggregate.

[image: Table 3]


Fine Aggregate

The fine aggregate fills the gaps formed by the coarse aggregate to achieve a dense skeleton structure, improving the durability of the pavement. The fine aggregate used in this research was limestone.



Mineral Filler

The mineral filler can not only fill the gap between aggregates but also improves the water stability of CPAM. Furthermore, the addition of mineral filler increases the proportion of structural asphalt, which enhances the strength of CPAM. In this study, the selected mineral filler was obtained by grinding limestone, and its main properties met the specification requirements, as shown in Table 4.


TABLE 4. Mineral powder test results.

[image: Table 4]


Preparation of Cold Patching Asphalt

The main instrument used in the preparation of cold patching asphalt is a high-speed disperser, with a speed range equal to 0–10,000 r/min. The electric furnace, thermometer, oven, electronic scale, and other auxiliary tools were also utilized.

The best ratio for cold patching asphalt finally determined in this research was additive:asphalt:diluent = 1.8:100:25. The preparation steps were as follows.


1) Heat the neat asphalt in an oven at 135°C for 2 h, then take it out and heat it in an electric furnace to maintain the temperature around 135°C.

2) Add the additive into (1), start the disperser, rotate at 200 r/min, and mix for half an hour.

3) Add diesel oil into (2), control the temperature at about 110°C, and mix for 30 min.

4) The preparation is completed.



The preparation of cold patching asphalt and the principle involved are shown in Figure 1.


[image: image]

FIGURE 1. Preparation of cold patching asphalt by disperser and the principle involved. (A) Flow chart of cold patching asphalt preparation. (B) Principle of cold patching asphalt preparation.




MIX DESIGN OF CPAM

The Marshall mix design method was used to obtain the proportion of each element that composes hot mix asphalt mixture. By utilizing this method, researchers have accumulated a rich body of practical experience and data. Cold patching asphalt mixture should not only have good road performance in the later stage but also have excellent low-temperature workability. Based on the Marshall mix design method, the Marshall test indices of CPAM were tested. In addition, given the performance requirements of CPAM, the low-temperature workability index was considered. The volume parameters of the finished specimen were converted into those related to the initial specimen. According to the relationship between each index and the asphalt aggregate ratio, the best asphalt aggregate ratio of CPAM was determined.


Gradation

Generally, the ratio of pavement disease depth h and the maximum size D of aggregate is used to determine the nominal maximum aggregate size of CPAM. Usually, it is considered that h/D should be greater than or equal to 2. The thickness of the upper layer of asphalt pavement is designed as 4 cm, and the nominal maximum grain size of the top layer is generally 13.2 mm. Considering the interface characteristics of the new and old mixture, and according to the calculation of h/D, the nominal maximum aggregate size was determined to be 13.2 mm.

According to the Technical Specifications for Construction of Highway Asphalt Pavements (JTG F40–2004,2004), LB-13 gradation was adopted in this study. The grading is shown in Table 5.


TABLE 5. LB-13 gradation.
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Marshall Specimen Preparation

In this research, the second compaction method was used to form the specimen. This involves first compacting both sides 50 times. The specimen is then put in a test mold in the oven at a certain temperature for 24 h, standing on its side. After taking the sample out from the oven, both sides are compacted 25 times immediately, and it is demolded. The height of the specimen is measured by using a vernier caliper and should meet the criterion 63.5 ± 1.3 mm. According to the Technical Specifications for Construction of Highway Asphalt Pavements (JTG F40–2004,2004), the initial curing temperature of the specimen in this research was equal to 110°C, but it was found that the specimen was loose and peeled after curing. This fact shows that the curing temperature of 110°C was too high, and it was not suitable for solvent-type CPAM. Therefore, considering the volatilization rate of diluent inside the specimen, and the integrity of the specimen, four different curing temperatures were preliminary selected: 60, 75, 90, and 100°C. After curing, the Marshall stability of the specimen was obtained, and the results are shown in Figure 2.


[image: image]

FIGURE 2. Stability of CPAM under different curing temperatures.


As can be seen from Figure 2, the stability increases with the increase in temperature. The value rapidly increases from 60 to 90°C and then slowly increases from 90 to 100°C. According to the Technical Specifications for Construction of Highway Asphalt Pavements (JTG F40–2004,2004), the Marshall stability of CPAM should not be less than 3 kN, and the specimen can meet this requirement when the curing temperature is above 90°C. Considering the Marshall stability growth rate with temperature, the integrity of the test piece, and the economic and energy-cost factors, the final curing temperature adopted in this study was equal to 90°C.



Determination of Asphalt Aggregate Ratio

According to the volatilization level of diluent in CPAM, the forming stage of CPAM can be divided into two states: the initially and finally formed states. The diluent inside the CPAM in the finally formed state has basically evaporated. However, the diluent in CPAM in the initially formed state has not yet begun to volatilize, so the CPAM in this state can be regarded as a typical hot mix. With the gradual volatilization of diluent, the volume parameters of the CPAM in the finally formed state can be obtained by using all of the volume parameters of the initially formed specimen. Therefore, the optimal binder content of CPAM can not only be determined according to the parameters of the final formed specimen. The volume parameter that should be used is that of the initially formed specimen, which can be regarded as an ordinary hot mix (Gu, 2017).

The most obvious characteristic of CPAM is that it can be elaborated under normal and low-temperature conditions. Therefore, the CPAM is required to be loose at low temperature, which is convenient for spreading and compaction. In this research, low temperature and workability indices were considered in the process of mix design.


Volume Parameter Conversion

All of the measured volume parameters of the finally formed specimen were converted into the volume parameters of the initially formed specimen. Before compacting, the quality mp of the mixture in each test mold was recorded.

The bulk specific gravityrpf of the initially formed specimen was calculated according to formula (1),

[image: image]

where mf and mw are the surface dry mass of the specimen and the water mass of the specimen, respectively, g.

The theoretical maximum specific gravity rpt of the initially formed specimen was calculated according to formula (2),

[image: image]

where ma is the air mass of the specimen, g and rt is theoretical maximum specific gravity.

According to formulas (3)–(5), the percentage of voids in mineral aggregatepvma, percent air voids pvv, and percent voids in mineral aggregate filled with asphalt pvfa are calculated,

[image: image]
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where rsb is synthetic bulk density, g/cm3 and ps is proportion of mineral aggregate quality to total asphalt mixture quality,%.

The volume parameters of the initially formed specimen are obtained based on the above formula. The relationship between each volume parameter and the asphalt aggregate ratio was obtained. According to the determination method of the optimal asphalt aggregate ratio of hot mix asphalt mixture, the optimal asphalt aggregate ratio of CPAM was determined.



Determination of the Optimal Asphalt Aggregate Ratio

The Marshall test results of the finished formed specimens are shown in Table 6.


TABLE 6. Test results of volume parameters and mechanical indices of finished formed specimens.

[image: Table 6]
Keeping the stability unchanged, the volume parameters of the final formed specimen were converted into the volume parameters of the initially formed specimen. The calculation results are shown in Table 7.


TABLE 7. Volume parameters and mechanical index results of initially formed specimens.

[image: Table 7]
Figure 3 shows the relationship between the asphalt aggregate ratio and each index of the initially formed specimen.


[image: image]

FIGURE 3. (A) Relationship between asphalt aggregate ratio and rpf; (B) relationship between asphalt aggregate ratio and PVV; (C) relationship between asphalt aggregate ratio and PVFA; (D) relationship between asphalt aggregate ratio and stability.


To sum up, the asphalt aggregate ratio a1, a2,a3, a4 corresponding to the maximum stability, the maximumrpf, the median design range ofpvv, and the median range of pvfa were determined from Figure 3. According to formula (6), the average value of the four asphalt aggregate ratios is the initial value OAC1 of the optimal asphalt aggregate ratio.

[image: image]

On the basis of the test results of each index, the range of asphalt content that meets the technical standards was determined. According to the Technical Specifications for Construction of Highway Asphalt Pavements (JTG F40–2004,2004), Marshall stability should be not less than 3 kN. pvma and pvfa refer to the Marshall test standard of hot mix asphalt mixture. Therefore, the asphalt aggregate ratio is required to be higher than 5.3% for pvv. The asphalt aggregate ratio needs to be higher than 5% for pvfa.

CPAM should have excellent workability at room temperature. Therefore, this research focuses on workability under low-temperature conditions. Cold patching asphalt mixture was prepared with variations of 0.2% in the asphalt aggregate ratio. According to the Technical Specifications for Construction of Highway Asphalt Pavements (JTG F40–2004,2004), the CPAM was placed in a refrigerator at -10°C for 24 h. If the mixture has no obvious agglomeration phenomenon, it can be easily mixed with a shovel. Cold patching asphalt mixture was taken out from the refrigerator and showed good workability at low temperatures. The test results are shown in Table 8.


TABLE 8. Test results of low-temperature workability of CPAM.

[image: Table 8]
According to the test results shown in Table 8, the asphalt aggregate ratio should be 5.2–5.4% for low-temperature workability. The initial value of the optimal asphalt aggregate ratio OAC2 was calculated from Eq. (7).

[image: image]

The optimal asphalt aggregate ratio of CPAM is calculated according to formula (8),

[image: image]

The optimal asphalt aggregate ratio of CPAM obtained by using the modified Marshall mix design method was equal to 5.38%.



ROAD PERFORMANCE VERIFICATION

In this study, the optimal asphalt aggregate ratio of CPAM obtained by using the tradition Marshall mix design method was equal to 5.52%. In addition, the empirical formula proposed by LV Weimin of Tongji University was used to find the optimal asphalt aggregate ratio of CPAM. The calculation formula is as follows.

[image: image]

where P is the asphalt aggregate ratio,%, a is the mass percentage of aggregate with particle size greater than 2.36 mm,%, b is the mass percentage of aggregate with particle size between 0.3and 2.36 mm,%, c is the mass percentage of aggregate with particle size between 0.075and 0.3 mm,%, and d is the mass percentage of aggregate with particle size less than 0.075 mm,%.

According to Eq. (9), the asphalt aggregate ratio designed by using the empirical formula was equal to 4.5%.

In order to verify the usefulness of the modified Marshall mix design method proposed in this study, road performance tests of CPAM designed by the different methods were carried out. The test flow chart is shown in Figure 4.


[image: image]

FIGURE 4. Road performance test flow chart of CPAM.



Test Method


Initial Strength

In the early stage of CPAM, the diluent has not volatilized, and the cohesion among minerals is small. The initial strength is mainly supported by the intercalation and friction among aggregates (Nassar et al., 2016). In order to ensure that the pavement can resist the loose damage caused by the rolling of vehicles at the initial stage of repair, it should be ensured that the initial strength of CPAM reaches a specific value.

The test method of initial strength was as follows: take about 1100 g of CPAM (subject to the height of the specimen conforming to 63.5 ± 1.3 mm) and put it into a Marshall test mold. Compact the upper and lower sides respectively 75 times by using an automatic Marshall compactor. Stability can be tested after demolding.



Forming Strength

The method for testing the forming strength is as follows. Take 1100 g of CPAM (subject to the height of the specimen conforming to 63.5 ± 1.3 mm) and put it into a Marshall test mold. Compact the upper and lower sides respectively 75 times by using an automatic Marshall compactor. After that, the specimen with the test mold is kept in an oven at 90°C for 24 h, and then it is removed from the oven and compacted on both sides 25 times. A Marshall stability test is conducted after demolding.



Storage Stability

The CPAM can be divided into hot mix CPAM and cold mix CPAM according to mixing conditions. Hot mix CPAM can be stored for about two years (Dulaimi et al., 2017). During the storage process, it should be ensured that the CPAM does not experience a high degree of agglomeration to facilitate its placement and compaction during construction. In this research, the CPAM was stored and sealed for 0, 3, 7 and 28 days at normal temperature. The initial strength was then tested, and the method described above was used to judge the workability at 28 days.



Water Stability

The water stability of CPAM was evaluated by conducting an immersion Marshall test and freeze-thaw splitting test. The test should be carried out according to Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20–2011,2011).



High-Temperature Performance

In this study, the Hamburg rutting test was used to evaluate the high-temperature performance of CPAM. According to the formation method of a hot mix asphalt rutting specimen, combined with the characteristics of CPAM, the formation of a rutting specimen was carried out as follows.

Take the CPAM and put it into the test mold and first conduct manual compaction. Then, roll down the CPAM two times in one direction and 12 times in the other direction using a hydraulic rutting machine. Put the CPAM with the test mold into an oven at 90°C for 24 h and then take it out and carry out a second rolling according to the first rolling method. The Hamburg rutting test should be carried out according to Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20–2011,2011).



RESULTS AND DISCUSSION


Initial Strength

The initial strength of the three kinds of CPAM (empirical formula method design, Marshall mix design method, and modified Marshall mix design method) was tested. The test results are shown in Figure 5.
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FIGURE 5. Results for the initial strength of CPAM.


It can be seen from Figure 5 that the CPAM with a 5.38% asphalt aggregate ratio has the largest initial strength. The initial strength of the 4.5% asphalt aggregate ratio is the lowest. This is because there is a small amount of binder and the strength of the mixture is mainly supported by the friction among the aggregates. There is no specificated requirement for the initial strength of CPAM. The United States and Song Jiansheng, China, require an initial strength greater than 2 kN. The initial strengths of CPAM with asphalt aggregate ratios of 5.38 and 5.52% are equal to 2.84 and 2.53 kN, respectively, which meet this requirement. The asphalt aggregate ratio obtained by the empirical formula method is too low, so that the initial strength is too low and fails to meet the requirement.



Forming Strength

The forming strengths of the three kinds of CPAMs were measured according to the test method in section“Forming Strength”. In this section, the initial strength and the forming strength are compared; the results are shown in Figure 6.
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FIGURE 6. Results of forming strength of CPAM.


The forming strength consists of cohesion and internal friction. It can be noticed from Figure 6 that the forming strength of the three CPAMs is basically twice the initial strength. This fact is because the viscosity of the binder increases and the cohesion of CPAM increases as a result of diluent volatilization. The forming strength of CPAM with a 5.38% asphalt aggregate ratio achieves the highest value, which is equal to 6.13 kN. The forming strength of CPAM with a 4.5% asphalt aggregate ratio has the lowest value because the amount of binder is too small, and the cohesion is not sufficient. When the asphalt aggregate ratio is equal to 5.52%, the binder content of CPAM is too high, and there is a large amount of free asphalt. A larger or smaller asphalt aggregate ratio is not advantageous to the forming strength of CPAM. Compared with the other two methods, the forming strength of CPAM designed by using the modified Marshall mix design method formed faster.



Storage Stability

Three CPAMs were prepared by using the three different design methods. Then, the elaborated CPAM specimens were stored and sealed for a period of time, and afterward, their initial strength and workability were tested. The test results are shown in Table 9.


TABLE 9. Storage performance test results for CPAM.

[image: Table 9]
According to Table 9, the relationship between the initial strength and storage time of the three CPAM is consistent. The initial strength increases with an increase in storage time in all cases. After 28 days of storage, the strength of the three kinds of CPAM changes little; the variation is lower than 0.2 kN. The initial strength is relatively stable. The workability grade of CPAM designed by using the Marshall mix design method was equal to 4, meaning that its low-temperature workability was poor. The results show that the asphalt content of CPAM designed by using the Marshall mix design method is too high and it easily agglomerates. However, the low-temperature workability of CPAM designed by using the modified Marshall mix design method was acceptable.



Water Stability

The immersion Marshall test and freeze-thaw splitting test were carried out with the objective of testing the three kinds of CPAM with different asphalt aggregate ratios. The water damage resistance of CPAM with different asphalt aggregate ratios was studied and compared with that of hot asphalt mixture. The results of the immersion Marshall test are shown in Figure 7, and the results of the freeze-thaw split test are shown in Figure 8.
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FIGURE 7. Immersion Marshall test results for CPAM.
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FIGURE 8. Freeze-thaw splitting test results for CPAM.


It can be seen from Figure 7 that the residual stability of the CPAM specimens with asphalt aggregate ratios of 5.38 and 5.52% meets the requirements of the residual stability for hot asphalt mixture. The residual stability of the CPAM with a 4.5% asphalt aggregate ratio is low. This is due to the lack of binder and the large percentage of air voids. It can be noticed from Figure 8 that the freeze-thaw splitting strength ratio of the three CPAMs meets the requirements for hot asphalt mixture. The order of the freeze-thaw splitting strength ratios is as follows: 5.38% CPAM > 5.52% CPAM > 4.5% CPAM. This shows that CPAM designed by the modified Marshall mix design method has the best water stability. The residual stabilities and the freeze-thaw splitting strength ratios of the three kinds of CPAM are lower than that of the hot asphalt mixture. Because the diluent has not been completely volatilized, the CPAM has not been fully formed, and, consequently, its performance is poor.



High-Temperature Performance

Track boards were formed according to the method in section“High-Temperature Performance”. The Hamburg rutting test was carried out to test the three kinds of CPAM, and the results are shown in Figure 9.
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FIGURE 9. High-temperature stability test results for CPAM.


It can be seen from Figure 9 that the dynamic stability of CPAM designed with the modified Marshall mix design method was slightly higher than that of CPAM designed with the other two methods. The dynamic stability of the CPAM with a 4.5% asphalt aggregate ratio shows the smallest value because the amount of binder is too small and the cohesion is poor, which causes the mixture to have a dry texture. The dynamic stability of CPAM with a 5.52% asphalt aggregate ratio is lower than that of CPAM with a 5.38% asphalt aggregate ratio. This may be because the former CPAM has a larger amount of binder and thick asphalt film. The increase in free asphalt leads to move and plastic deformation at high temperature. The overall dynamic stability of CPAM is low because the strength of the mixture has not been fully formed. The rutting resistance under this condition does not represent the final performance of CPAM.



CONCLUSION

The Marshall mix design method was modified with the objective of designing CPAMs. A series of road performance tests of CPAM designed by using the Marshall mix design method, the empirical formula method, and the modified Marshall mix design method were carried out. The tests included an initial strength test, forming strength test, storage stability test, water stability test, and high-temperature stability test. The results of comparative analysis verified the usefulness and feasibility of the modified Marshall mix design method. Based on the results of this limited laboratory investigation, the following conclusions can be drawn.


• In this paper, the recommended curing temperature for a CPAM specimen was 90°C. The optimal asphalt aggregate ratio of CPAM obtained by using the modified Marshall mix design method was equal to 5.38%. This value was between the optimal asphalt aggregate ratio obtained by using the traditional Marshall mix design method and that obtained by using the empirical formula method.

• The road performance of CPAM designed by using the modified Marshall mix design method was better than that of CPAM designed by using the traditional Marshall mix design method and empirical formula method. The modified Marshall mix design method is feasible.

• The strength of CPAM increases with time. The forming strength was about twice the initial strength.

• The mix design of CPAM should consider its own characteristics. In this paper, volume parameter conversion and the addition of the low-temperature workability requirement enable better CPAM design. It is recommended that the modified Marshall mix design method be utilized as the mix design procedure for CPAM.
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Emulsified asphalt cold recycled mixture is commonly used in the upper base course of expressway reconstruction asphalt pavement. When the following layer is paved with hot-mix asphalt (HMA) mixture, the aging asphalt in the recycled material is activated due to the temperature conduction effect of the HMA mixture, so that the cold recycled layer produces “secondary thermal compaction” under the action of a roller. Based on this phenomenon, the present study aimed to discuss the influence of different molding methods and mixing processes on the volume parameters and mechanical properties of cold recycled emulsified asphalt mixture. The influences of Marshall compaction times, gyratory compaction times, curing time, and specimen-forming temperature on the voids and splitting strength of cold recycled mixture were studied. The field core sample was compared with the laboratory-forming method, which accords with the field compaction condition of the cold recycled upper base. first-time compaction number of large Marshall is 150 times and secondary compaction number is 75 times (Shorthand for 150 + 75), the compaction times of the gyratory specimen is “30 + 15.” The curing time of the cold recycled mixture should not exceed 3 h and should not be constructed in low-temperature weather to ensure the quality of pavement construction. The use of a new stage and step laboratory mixing process simulating the plant mixing, compared with the traditional mixing process, increases the splitting strength by at least 13%.

Keywords: emulsified asphalt cold recycled mixture, forming method, curing time, mixing process, splitting strength, voids


INTRODUCTION

Emulsified asphalt cold recycling technology is one of the recycling technologies of asphalt pavement. The mixing, transportation, and rolling of cold recycled mixture are carried out under normal temperatures and have the advantages of low carbon emission, convenient construction, and high-cost performance. It is more widely used in the reconstruction, expansion, maintenance, and repair of roads and other projects (Sondag et al., 2002; Xiao et al., 2018; Zhu et al., 2019). The reasonable design method and laboratory molding process of cold recycled mixture are the bases of the successful application of Emulsified asphalt cold recycling technology (Lu, 2001; National Cooperative Highway Research Program, 2007). In this regard, scholars at home and abroad have conducted a lot of research and practice on the application of a cold recycled mixture and put forward some constructive theories and design methods, such as the Marshall method modified by AASHTO, Asphalt Recycling and Reclaiming Association (ARRA) design method, California method, AI method, Pennsylvania method, Oregon design method, widgets design method, and South Africa design method (Epps, 1995; Asphalt Recycling and Reclaiming Association [ARRA], 1996, 2001; Sondag et al., 2002; Asphalt Academy, 2009; Wirtgen, 2010). Lee et al. (2003) believed that the Marshall compaction method could not simulate the compaction effect of the field road compaction machinery, and proposed to use the gyratory compactor to compact and form a cold recycled mixture. Moghadam and Mollashahi (2017) thought that when the particle size was larger than 25 mm, a significant difference in the mechanical properties and water stability was found between the 4-inch and 6-inch specimens. Guo compared the Marshall compaction test with the gyratory compaction test and showed that the voids of the Marshall compaction specimen were basically the same as that of 40 50 times of gyratory compaction specimen (Guo, 2013). Wei et al. (2019) used the gyratory compaction test method to design the mix proportion of cold recycled mixture and improved the performance of cold recycled mixture by changing the times of gyratory compaction and the molding temperature of the specimen. Li et al. (2017) used the vibration method to form the specimen, and analyzed the voids of the specimen under different forming methods with the aid of computed tomography detection means, and concluded that the essential reason affecting the mechanical properties of cold recycled mixture was the characteristics of voids.

The results of the aforementioned research undoubtedly promoted the development of cold-recycling technology and laid a good foundation for the application of the subsequent cold recycled mixture. In 2007, Prof. Sun’s group of Tongji University discovered the phenomenon of “secondary thermal compaction” for the first time (Jiang et al., 2008; Xu et al., 2013). The complete compaction process of the asphalt cold recycled upper base mixture is as follows: first, the cold recycled upper base is compacted at normal temperature when it is paved, and then the cold recycled layer is thermally compacted using the rolling machine when the hot recycled asphalt mixture is paved (Yang, 2010; Xu et al., 2013). However, the existing methods at home and abroad do not consider the secondary compaction process of the cold recycled upper base mixture, which results in the poor matching of volume parameters and mechanical properties between laboratory and field core samples. The second compaction temperature of the cold recycled upper base is much higher than that of the first compaction (Jiang, 2012). According to the test data of the voids of the cold recycled upper base core samples before and after HMA paving in the Chang-Jiu expressway reconstruction and expansion project, it was found that the voids of the recycled layer were reduced by about 3% by the secondary thermal compaction. Then, taking the voids of core samples before and after HMA paving as the control index, the previous study of Sun’s group showed that the laboratory small Marshall compaction for 100 times + the second thermal compaction for 50 times could simulate the field compaction condition of the cold recycled upper base. However, the large-sized cold recycled mixture needs a larger-sized specimen for simulation. At present, gyratory compaction is the most common method of laboratory-forming. In addition, in the mechanical parameter tests of mixtures (such as modulus, compressive strength, uniaxial penetration test, and so forth), the size of the specimen is required, but the small Marshall specimen cannot meet the test requirements, the size of the small Marshall is Φ101.5 mm × 63.6 mm. Therefore, it is necessary to study the secondary forming method of laboratory large Marshall specimens and gyratory compaction specimens. The transportation of a cold recycled mixture from the mixing plant to the construction site takes some time. The cold recycled mixture, if placed for a long time, has a significant impact on the construction performance, compaction effect, and stability of the mixture. The study of curing time, forming temperature, and laboratory mixing process of a cold recycled mixture is essential. Therefore, on the basis of the previous research (Yang, 2010; Xu et al., 2013) on the “secondary thermal compaction” process, this study investigated the laboratory mixing and forming process of emulsified asphalt cold recycled mixture, which simulated the actual mixing and forming process.


Principle of Secondary Compaction of the Emulsified Asphalt Cold Recycled Upper Base Mixture

One of the important aspects of the asphalt cold recycled upper base mixture, which is different from the common hot asphalt mixture, is that it generally has two compaction processes. After the asphalt cold recycled upper base mixture is paved, the timely rolling of the roller is the first compaction process of the cold recycled layer, commonly known as normal temperature compaction process. This process needs to be completed before the complete demulsification of emulsified asphalt; otherwise, the demulsification of emulsified asphalt may cause the asphalt cold recycled upper base mixture to form a hard shell, making the compaction more difficult. The second compaction of the cold recycled upper base occurs in the construction process of the layer of the hot-mix asphalt (HMA) mixture. After completing the construction of the cold recycled layer, the cold recycled upper base needs to be cured for 3–7 days before the HMA is paved because, among other reasons, the water generated by the emulsion breaking of the emulsified asphalt has to be evaporated. Moreover, when the HMA layer is paved, the baking effect of the HMA mixture (paving temperature up to 160°C) also increases the temperature of the cold recycled upper base. When the layer of HMA is rolled, the temperature of the cold recycled upper base increases to nearly 60°C. The influence of HMA on the temperature distribution of the cold recycled layer is shown in Figure 1. The test result was obtained by Sun’s group through embedding temperature sensors in a large number of cold regeneration field projects (Yang, 2010; Xu et al., 2013). The 60°C is the softening point of aged asphalt. When the temperature increases, the aging asphalt in the cold recycled mixture is reactivated and softened. This phenomenon is more pronounced during summer construction. Compared with the normal temperature state, the mixture is more likely to be compacted. The second compaction effect of the roller on the cold recycled layer is obvious. The voids of the cold recycled upper base after the second thermal compaction were reduced by 2–3% (Jiang et al., 2008; Yang, 2010; Xu et al., 2013). Current research shows that the compaction effect of the cold recycled mixture is related to the thickness and temperature of the HMA layer and cold recycled layer, as well as the rolling technology (Zheng et al., 2016; People’s Communications Press, 2019). Considering the secondary thermal compaction process in the design of cold recycled mixture, the amount of emulsified asphalt can be reduced, which is of great economic value. The performance of cold recycled mixture will also be greatly improved, which could replace the asphalt concrete layer and be used in heavy traffic conditions, and even play the role of hot asphalt mixture (Yang, 2010; Xu et al., 2013).


[image: image]

FIGURE 1. The influence of HMA on the temperature distribution of cold recycled layer.




MATERIALS AND TEST SCHEME


Materials


Emulsified Asphalt

The specific indexes of emulsified asphalt used in this test are shown in Table 1.


TABLE 1. Test results of emulsified asphalt properties.
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RAP and New Aggregate

The RAP source used in this study was the old asphalt surface milling material of an expressway reconstruction and expansion project, which was divided into three grades: 0–5, 5–10, and 10–30 mm; and the new aggregate was limestone, with a specification of 10–20 mm. The bituminous pavement had been used for 12 years before milling, and AH-70 asphalt was used. The asphalt content of RAP was 3.92%. Three indexes of asphalt were tested, the penetration at 25°C was 41.4 (0.1 mm), softening point was 55.4°C, and ductility at 15°C was 23.2 cm.



Mineral Powder, Cement, and Water

Mineral powder and cement were produced by a material company in the Jiangxi Province, and their technical indicators met the technical specifications for the construction of highway asphalt pavement (JTG F40-2004) of China; tap water was used as water.



Gradation, Optimum Moisture Content, and Optimum Emulsified Asphalt Content

The composition of recycled mixture was as follows: RAP (0–5 mm): RAP (5–10 mm): RAP (10–30 mm): new aggregate (10–20 mm): mineral powder = 26: 20: 40: 12: 2; the cement content was 1.5%. The optimum moisture content determined by the compaction test recommended in the technical code for road asphalt pavement regeneration and code for highway geotechnical test was 3.8%. According to the China’s regeneration standard (People’s Communications Press, 2019), the optimal amount of emulsified asphalt was 3.5% using splitting strength and voids as control indexes.



Test Scheme


Effect of Different Molding Methods on Voids and Splitting Strength of Cold Recycled Mixture

A marshall compactor and gyratory compactor were used to form a large Marshall specimen and a gyratory compaction specimen, respectively. The specimens were compacted (rotated) for the first time and compacted (rotated) for the second time. The size of the large Marshall specimen was Φ152.4 mm × 94.5 mm, and the size of the gyratory specimen was Φ100 mm × 63.5 mm.

For the large Marshall specimens, in the test code for asphalt and asphalt mixture of highway engineering, it is mentioned that the number of compaction of large Marshall specimens is 112, corresponding to the 75 of the small Marshall standard (Ministry of transport of the people’s Republic of China, 2011), the weight of the small Marshall compactor was 4536 g, the falling distance of the hammer was 457 mm, and the size of the specimen was 101.5 × 63.6 mm2. Moreover, the weight of the large Marshall compactor was 10,210 g, the falling distance of the hammer is 457 mm, and the size of the specimen was 152.4 × 94.5 mm2. For the work on a unit volume of a single specimen, the work done by a small Marshall specimen in one compaction is about 1.5 times of that of a large Marshall specimen. Therefore, in order to find the appropriate compaction times of large Marshall specimens, the compaction work per unit volume of small Marshall specimens was referred. The number of the first-time compactions were designed to be 75, 112, 150, and 187. The large Marshall specimens with similar voids after the initial compaction of the cold recycled upper-base pavement were selected to determine the appropriate number of the first-time compaction. The number of second-time compactions were designed to be 15, 40, 75, and 100 considering the actual compaction work. After the first-time compaction, the specimens with mold were placed in the laboratory for 24 h at room temperature, and then placed in the Drying Oven (60°C) for 48 h, and finally compacted for the second-time. After the samples were formed, the voids and splitting strength were measured. And it was compared with the voids and splitting strength after the primary compaction of the cold recycled upper base and after the layer of HMA were paved and compacted.

For the gyratory specimens, the number of first-time gyrations were designed to be 20, 30, 50, 75, 100, and 150. The specimens with similar voids after the initial compaction of cold recycled upper base pavement were selected to determine the appropriate number of first-time gyratory compactions. On this basis, the number of second-time gyrations were designed to be 5, 10, 15, and 25 considering the actual compaction work. The pressure of the gyratory compactor was controlled by 600 MPa, and the gyratory angle was 1.16°. The curing conditions of the specimens after the first-time gyrations was the same as that of the large Marshall specimen. After the samples were formed, the voids and splitting strength were measured and compared with the voids and splitting strength after the first compaction of a field cold recycled upper base pavement and the compaction of the upper HMA.



Effect of Different Curing Times and Temperatures on Voids and Splitting Strength of Cold Recycled Mixture

The cold recycled mixture was placed in the boxes (constant temperature and humidity) at 5, 15, 25, and 35°C and maintained for 0, 1, 2, and 3 h until the small Marshall specimens were, respectively, formed 6 h later, and the number of compaction was “100 + 50” (after 100 times of compaction, the side of the specimen with the mold was put into a 60°C air blast oven for curing for 48 h, and the specimen with the mold was taken out from the oven and immediately put into the Marshall compactor 50 times on both sides). After the sample was formed, the voids and splitting strength were measured, and the effects of different molding temperatures and curing time on the voids and splitting strength of cold recycled mixture were compared.


The Influence of Laboratory Mixing Technology on Voids and Splitting Strength of Cold Recycled Mixture

At present, the laboratory mixing process of the cold recycled mixture in China is basically fixed. The recommended mixing process is shown in Figure 2, which is defined as the traditional mixing process. The improved mixing process is shown in Figure 3, which is defined as the new mixing process. The traditional mixing process includes the following steps: (1) the RAP material prepared according to the design proportion was added to the mixer; (2) water was added according to the calculated amount of water and mixed evenly for 60 s; (3) emulsified asphalt was added according to the calculated amount of emulsified asphalt and mixed evenly for 60 s. The new mixing process includes the following steps: (1) RAP (10–30 mm), new aggregate (10–20 mm), water (1/3 of the external water), and emulsified asphalt (1/2 of the total amount) were added to the mixing pot according to the design proportion and mixed for 45 s; (2) fine RAP (0–5 mm), medium RAP (5–10 mm), mineral powder, cement, water (1/3 of the external water), and the asphalt (one half of the total amount) were added to the mixing pot according to the design proportion and mixed for 45 s; (3) water (one third of the external water) was added to the mixing pot and mixed for 30 s.


[image: image]

FIGURE 2. Traditional mixing process.



[image: image]

FIGURE 3. New mixing process.


Two mixing processes were used to mix emulsified asphalt cold recycled mixture, and then small Marshall specimens were formed indoors. In this study, the small Marshall specimens were all shaped twice, and the number of compactions were “100 + 50.” The curing conditions of the specimens was the same as that of the large Marshall specimen. After the specimens were formed, the voids and splitting strength were measured, and the voids and splitting strength of the specimens formed in the cold recycled mixture chamber under the traditional mixing process and the new mixing process were compared.

All the data in this paper are the averages of the test data of six parallel specimens tested by the Grubbs method. The Grubbs test is one of the statistical methods to test outliers. In the statistical calculation method of eliminating outliers, the Grubbs test is not only applicable to the abandonment of one or more suspicious values in a group of data, but also applicable to the limited number of determinations. It is the most reliable test method for the determination of suspicious values (Adikaram et al., 2015).



Test Results and Analysis


Effect of Different Forming Methods on Voids and Splitting Strength of Cold Recycled Mixture


Formation of large Marshall specimens

The test results of the voids and splitting strength of large Marshall specimens under the first-time compaction and before paving HMA in the test section of the cold recycled upper base course are shown in Figure 4A. The test results of voids and splitting strength of specimens under second-time compaction and after paving HMA in the test section of the cold recycled upper base course are shown in Figure 4B. FCS and ACS represent the core samples before and after the HMA was paved on the cold recycled upper base.
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FIGURE 4. Voids and splitting strength of large Marshall specimens under different compaction times: (A) voids and splitting strength of specimens under the first-time compaction; (B) voids and splitting strength of specimens under secondary compaction.


Figure 4A shows that the voids of laboratory specimens decreased with an increase in compaction times. When the large Marshall specimen was compacted 150 times, the voids were 11.9%. Before paving HMA, many core samples in the field were drilled and the volume parameters were tested. The results show that the voids of core samples were 12% ± 0.7% in the 95% confidence interval (This is basically consistent with the core sample test results accumulated by the Sun group in different cold regeneration field projects) (Yang, 2010; Xu et al., 2013). Therefore, it was concluded that the laboratory large Marshall specimen was compacted 150 times. The voids of the specimen were similar to that of the field cold recycled upper base course pavement after the initial compaction at room temperature. This indicated that the 150 times compaction of the laboratory large Marshall specimen could simulate the initial compaction state of the cold recycled upper base course pavement after paving on the site. This compaction level was equivalent to the 100 times compaction of laboratory small Marshall specimens, which could simulate the initial compaction state of the cold upper base course pavement after paving on the site. The reason for this phenomenon was that China’s standard Marshall test method was established in the early 1980s and adapted to the compaction level (rubber roller was lower than 20t, vibration roller was 2–6t, and double-wheel steel cylinder roller was 6–8t) and traffic conditions at that time. The laboratory compaction times recommended in the technical code for the recycling of highway asphalt pavement refer to the standard Marshall test method. The current Marshall standard compaction work has lagged behind the production practice with the improvement in the technology level, compaction machinery level (generally, 10–14t vibrating roller and 25–30t rubber wheel roller) and the development of modern traffic in the construction work. Therefore, the number of compactions of large Marshall specimens in first-time laboratory forming should be 150.

Figure 4B shows that after the completion of the first compaction, the second compaction was carried out in real time, and the voids of the specimen decreased with the increase in the second compaction. When the large Marshall specimen was compacted 75 times, the voids of the specimen were 9.3%. The voids of the specimen were 9.0% measured from the core sample drilled from the site after the HMA was paved on the cold recycled upper base pavement. Therefore, it was concluded that the voids of laboratory large Marshall specimen after compaction for “150 + 75” times was similar to that of the cold recycled upper base pavement after the HMA was paved and compacted, so that the laboratory large Marshall specimen compaction for “150 + 75” times could simulate cold-recycling on-site compaction state of raw road surface after the HMA was paved. The reason for this phenomenon was that when the asphalt cold recycled mixture was used as the upper base course of the road, two compaction processes occurred: after the cold recycled asphalt mixture was paved, the compaction of the normal-temperature mixture under the action of the roller was the first compaction process of the cold recycled upper base course, called the normal-temperature compaction (or cold compaction) process. When the HMA have been spread, the paved HMA had a further heating effect on the cold recycled upper base due to its high temperature, causing the cold recycled layer to reach a higher temperature, thereby reactivating and softening the old asphalt in the mixture. The obvious second compaction process occurred under the action of the roller, called the thermal compaction process. The first compaction was carried out for the laboratory-formed specimens, and the second compaction was carried out after 48-h curing in an oven at 60°C, which to some extent simulated the two compaction processes of the cold recycled upper base. Therefore, the compaction times of large Marshall specimens should be “150 + 75” times to better simulate the compaction condition of the field. However, the type and tonnage of the roller used in different practical projects and the compaction work during construction may be different, leading to the difference in the voids of the cold recycled mixture. Hence, the conclusions need to be confirmed in the future.

Figure 4 shows the splitting strength of the large Marshall specimens compacted 150 times and “150 + 75” times were roughly the same as that of the core samples before and after the HMA was paved on the cold recycled upper base course. However, the splitting strength of the small Marshall specimens was less than 0.7 MPa, which was far lower than that of the field core samples by adopting the method recommended in the technical code for road asphalt pavement regeneration. The splitting strength (0.9 MPa), which was basically the same as the aforementioned voids phenomenon, showed that the large Marshall specimens compacted 150 times and “150 + 75 times” could better simulate the compaction mechanism and mechanical properties of the cold recycled upper base pavement.



Formation of gyratory compaction specimens

The test results of voids and splitting strength of gyratory specimens under first-time gyratory compaction are shown in Figure 5A. The test results of voids and splitting strength of specimens under secondary gyratory compaction are shown in Figure 5B.
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FIGURE 5. Voids and splitting strength of specimens under different times of gyratory compaction: (A) voids and splitting strength of specimens under first-time gyratory compaction; (B) voids and splitting strength of specimens under secondary gyratory compaction.


Figure 5A shows that the voids of the laboratory specimen decreased with the increase in compaction times. When the gyratory compaction specimen rotated 30 times, the voids of the specimen were 12.3%. Before paving HMA, many core samples in the field were drilled and the volume parameters were tested. The results show that the voids of core samples were 12% ± 0.7% in the 95% confidence interval (This is basically consistent with the core sample test results accumulated by the Sun group in different cold regeneration field projects) (Yang, 2010; Xu et al., 2013). Therefore, it was concluded that the laboratory gyratory compaction specimen rotated 30 times, and the voids of the specimen were similar to that of the field cold recycled upper base pavement after the initial compaction at room temperature, indicating that the compaction specimen rotated 30 times, simulating the initial compaction state after the cold recycled upper base pavement was paved on the site. Therefore, the number of rotations of the laboratory first-time-forming gyratory compaction specimen should be 30.

Figure 5B shows that after the first compaction, the second compaction was carried out in real time, and the voids of the specimen decreased with the increase in the second compaction. When the rotating compaction specimen rotated 15 times, the voids of the specimen was 9.1%. The small Marshall specimen was double-sided compacted 50 times and then double-sided compacted 25 times after the completion of the curing, as recommended in the technical code for road asphalt pavement regeneration. The voids of the specimen were 12.4%. The voids of the specimen were 9.0% as measured from the core sample drilled from the site after the HMA was paved on the cold recycled upper base course pavement. Therefore, it was concluded that the voids of the laboratory gyratory compaction specimen after rotating “30 + 15” times were similar to that of the cold recycled upper base pavement after the HMA was paved and compacted. The conclusion was consistent with the discussion in “Formation of large Marshall specimens.”

Figure 5 shows that the splitting strength of 30 times of compaction and 30 + 15 times of gyratory compaction specimen were roughly the same as that of the core samples before and after the HMA was paved on the cold recycled upper base course, indicating that the forming mode of 30 times of compaction and 30 + 15 times of gyratory compaction specimen could better simulate the compaction mechanism and mechanical properties of the cold recycled upper base course pavement. In addition, the voids of the gyratory compaction specimen (100 times of compaction) were similar to that of the gyratory compaction specimen (30 + 15 times of compaction), but the splitting strength was different to some extent. This was mainly because a large amount of excess water in the specimen flowed out in the process of the specimen formed by 100 times of rotation at one time due to the extremely dense gyratory compaction, accompanied by the loss of more emulsified asphalt. As a result, the asphalt solid content of the 100 times rotated specimens decreased, thereby decreasing the splitting strength.



Effect of Curing Time and Temperature

The cold recycled mixture after laboratory mixing was placed in boxes (constant temperature and humidity) at 5, 15, 25, and 35°C and maintained for 0, 1, 2, and 3 h until the small Marshall specimens were formed 6 h later. The test results of voids and splitting strength of the formed small Marshall specimens are shown in Figure 6.


[image: image]

FIGURE 6. Voids and splitting strength of cold recycled mixture under different molding temperature and curing time: (A) voids test results; (B) splitting strength test results.


Figure 6 shows that the voids of the formed specimen first remained unchanged and then presented a gradually increasing trend at 5, 15, 25, and 35°C with the extension of cold recycled mixture placing time, while the splitting strength first remained unchanged and then presented a gradually decreasing trend. When the cold recycled mixture was placed for 3 h, the voids and splitting strength of the specimen did not change. After 3 h, the voids and splitting strength of the cold recycled mixture at 35°C first changed, then the voids and splitting strength of the cold recycled mixture at 25, 15, and 5°C changed in turn, and with the extension of the curing time, the voids and splitting strength changed. A growing trend of change was noted. This was because the emulsified asphalt gradually began to demulsify with the extension of the curing time. The emulsified asphalt after demulsification selectively adhered to the fine materials in the aggregate to form the mastic micelle, which was difficult to be compacted in the forming process. Therefore, it presented more porosity and less splitting strength. The demulsifying time of emulsified asphalt was related to the temperature during the forming process. Because the higher the temperature, the more intense the Brownian motion of the molecule, and the greater the probability of the asphalt particles colliding with each other, the more unstable the emulsified asphalt, and the more likely it is to break the emulsion. Therefore, the voids of the cold recycled mixture at 35°C began changing first during the specimen-forming process. Therefore, from the engineering point of view, the cold recycled mixture should be transported to the construction site and spread as soon as possible after mixing in the mixing plant. When the construction is carried out in high-temperature and extreme weather, the transportation distance should be shortened and the spreading and rolling speed of the mixture should be accelerated so as to improve the compactness and strength of the pavement.



New Laboratory Mixing Process for Emulsified Asphalt Cold Recycled Mixture

The test results of voids and splitting strength of cold recycled mixture under different mixing processes are shown in Figure 7. The results of t-test analysis are shown in Table 2.
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FIGURE 7. Test results of the voids and splitting strength of cold recycled mixture under different mixing processes: (A) voids test results; (B) splitting strength test results.



TABLE 2. Independent sample test.

[image: Table 2]
Figure 7 shows that for the cold recycled mixture under the traditional mixing process, the voids of the twice-formed Marshall specimen were 9.9%, the splitting strength was 0.85 MPa, the voids of the formed specimen under the new mixing process were 9.5%, and the splitting strength was 0.97 MPa. Using SPSS statistical software, the voids and splitting strength test results under different mixing processes are analyzed by t-test, the significance (2-tailed) is less than 0.05. It can be seen from the test results of independent samples that different mixing processes have significant differences in voids and splitting strength. From the test results in Figure 7, compared with the traditional mixing process, the new mixing process had higher strength; the splitting strength increased by at least 13%. This was because the new mixing process adjusted with the sequence of aggregate addition: first, the RAP (10–30 mm) and the new aggregate (10–20 mm) were put into the mixing pot; then the fine material, the intermediate material, the ore powder, and the cement were added; water and emulsified bitumen were added separately to make the mixing of the mixture more complete, thus improving the uniformity of the emulsified asphalt on the surface of different aggregates. In addition, the coating effect of aggregates and emulsified asphalt significantly improved. Therefore, the strength of laboratory-formed specimens of the mixture was relatively large. For the conclusion that the new mixing process can improve the compaction and splitting strength, we will use more RAPs from different projects to further verify this in the future.



CONCLUSION

The construction process of the cold recycled upper base included the normal-temperature compaction and secondary thermal compaction. The conclusions of this study on the influence of different laboratory molding methods, molding temperature, curing time, and molding process on the volume parameters and mechanical properties of emulsified asphalt cold recycled mixture were as follows:


(1) The paper puts forward that the compaction times of the laboratory large Marshall specimen was “150 + 75” and that of the gyratory compacted specimen was “30 + 15,” which could accurately simulate the field compaction conditions of the cold recycled upper base pavement.

(2) The curing time and forming temperature of emulsified asphalt cold recycled mixture greatly influenced the compactness and strength of the mixture. The longer the curing time and the lower the compaction temperature, the more difficult the mixture was to be compacted and the lower the pavement strength.

(3) Compared with the traditional mixing process, the new mixing process exhibited higher strength. The splitting strength of the new mixing process increased by at least 13%.
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Type of cement Setting time (min) Flexural strength (MPa) Compressive strength (MPa)

Initial time Final time 3 days 28 days 3 days 28 days

SAC 42.5 55 125 7.5 8.7 44.7 50.1
PO 425 165 300 4.3 9.5 24.3 52.2
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Mix A/C w/C CAEM (kg m—3)
Asphalt emulsion Cement Water River sand Aggregate
| 0.18 0.30 116 385 69.1 602 1220
Il 0.18 0.31 116 385 73 602 1220
Ml 0.18 0.32 116 385 76.8 602 1220
I\ 0.24 0.30 154 385 539 602 1220
\Y 0.30 0.30 193 385 38.3 602 1220
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Mix design method Asphalt-
aggregate
ratio (%)

Empirical formula 4.5
Modified Marshall test 5.38
Marshall test 552

Storage time (days)

0o 3 7 28 28
Initial strength (kN) Workability
grade
172174180 1.88 2
2.84 286 291 3.00 3
253254259 269 4
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Mixture status State description Gradation Asphalt

classification aggregate ratio
(%)
A Most of the CPAM is agglomerated 5 6.0

and cannot be mixed with a shovel.

B There are numerous large 4 56,58
agglomerations of CPAM that
cannot be easily dispersed, and it is
difficult to mix.

C There are numerous small 3 5254
agglomerations of CPAM, but the
agglomerations can be easily
spread after beating.

D There are small agglomerations of 2 4.6,4.8,5.0
CPAM, and the particles can be
loose when mixing with a shovel.

E The CPAM has almost no 1 4.0,42,4.4
agglomeration and is in a free state.
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Asphalt aggregate rp¢ (9/cm3) pvma (%) pvv (%) pvfa (%) Stability (kN)
ratio (%)

4.0 2.243 21.3 13.4 38.4 4.21
4.5 2.255 21.0 12.8 39.4 4.24
5.0 2.258 20.7 12.4 39.9 4.26
5.5 2.291 20.9 8.6 57.2 4.02

6.0 2 269 291 4 i | 5904 308
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Asphalt aggregate rs (9/cm®) VMA (%) VV (%) VFA (%) Stability (KN)
ratio (%)

4.0 2.225 21.9 16.1 31.7 4.21
4.5 2.248 21.3 13.5 36.7 4.24
5.0 2.273 20.1 11.5 425 4.26
5.5 2.260 22.0 13.1 45.3 4.02

6.0 2 265 21 6 10.6 47 6 398
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Gradation The percentage (%) of mass passing through each
sieve (mm)

16 132 9.5 475236 1.18 0.6 0.3 0.150.075

Upper limit of 100 100 95 60 40 20 15 12 8 5
gradation
Lower limit of 100 90 60 30 10 5 0O O O O
gradation

Gradation median 100 95 775 45 25 125 75 6 4 25
Synthetic gradation 100 96 79 49 25 14 8 5 4 3
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Project Unit Test result Specification
requirements
Apparent specific gravity g/cm® 2,727 >2.50
Water content % 0.42 <1
Plasticity index = 3 <4
Hydrophilic coefficient = 0.6 <1

Appearance

No agglomeration

No agglomeration
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Mechanical Crushed stone value Polished stone value Weared stone
index (%) (BPN) value (%)

Limestone 14.9 56.2 21.8
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Test

British pendulum slip test (BPN)
Wet-track abrasion loss test

Lateral displacement test

Permeability test (ml/min)

1h Abrasion loss (g/m?)
6 d Abrasion loss (g/m?)
Lateral displacement (%)
Relative density

PTD/STD micro
surfacing

74777
440.5/4432
605/606
3.0/3.1
1.61/1.60
77

Normal micro
surfacing

75
445.6
609
3.1
163
7

Standard
requirements

245
<538
<807

<2.10
10
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Impact factor

Atmospheric pressure 06,08,1.0,
1.2,1.4, 1.6 atm
Specimen temperatures 30,85, 40, 45,
50,55, 60°C
UV light source intensity 4,6,8,10,12,
14 W/m?
Pollutant NO. 40, 50, 60, 70,
concentration COx 80 ppm
Field test Ambient temperature, specimen temperatures, UV light intensity

The related ISO Standard of air purifying material that the test time should be no <5 h.

Variable values

Test time

Sh

5h

Sh

5h

8h (Solar exposure
time)

Experimental conditions

Ambient temperature:26°C
UV light intensity:10 W/m?
NO,:60-70 ppm
CO,:70-80 ppm
Humicity:50%

UV light intensity:10 W/m?
Air pressure:1.0 atm
NO,:60-70 ppm
CO,:70-80 ppm
Humicity:50%

Air pressure:1.0 atm
Ambient temperature:25°C
NO,:60-70 ppm
CO,:70-80 ppm
Humicity:50%

Air pressure:1.0 atm
Ambient temperature:26°C
UV light intensity:10 W/m?
Humicity:50%

Air pressure:1.0 atm
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Gradation Passing percentage (%)

9.5mm 4.75mm 236mm

Design gradation 100 80 57

ISSA A143 100 70-90 45-70
Component Basalt aggregate  Emulsified asphalt  Functional material
Proportion (%) 100 12,6 6

ISSA A143 Standard: “Recommend Performance Guideline for Micro Surfacing”.

1.18mm

39
28-50
Water
8.4

0.6mm 0.3mm 0.15mm
27 17 1
19-34 12-25 7-18
Additive

2

0.075 mm

8
5-15





OPS/images/fmats-07-00208/fmats-07-00208-g006.gif
50

£y

<=0
2 3 2 8

D OuSusns mows





OPS/images/fmats-07-00231/fmats-07-00231-t002.jpg
Item Levene’s test for t-test for equality of means
equality of variance

F Sig. i df Sig.(2-tailed) Mean Std. error 95% confidence
difference difference interval of the
difference

Lower Upper

Splitting Strength  Equal variances assumed 1.709 0.212 4.53 14 0.000 0.1125 0.02485 0.059 0.1658
Equal variances not assumed 453 12.36 0.001 0.1125 0.02485 0.059 0.1667
Voids Equal variances assumed 3.036 0.103 -3.19 14 0.007 0.4250 0.1333 0.711  0.139

Equal variances not assumed -3.19 8.89 0.011 0.4250 0.1333 0.727 01238
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Test item

Residue on sieve (1.18-mm sieve)

Particle charge

Demulsification speed

Viscosity (Engla viscosity e25)

Viscosity (cyberviscosity VS)

Evaporation residue content

Residue Penetration (25°C)
Ductility (15°C)
Softening point (5°C)
Solubility

Room-temperature storage stability: 1 d

Room-temperature storage stability: 5 d

Adhesion to coarse aggregate

Unit

%

%
0.1 mm
cm
°C
%
%
%

Experimental value

0.03
Cation (+)
Slow crack
24.98

62.6

711

56.8

45.8

0.8

> 2/3

Technical requirement

#0.1

Cation (+)

Slow crack or middle crack
2-30

7-100

£62

50-300

£40

£97.5
#1
#5
£2/3
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CPAM

@

Temperature

0.462
0.462
0.465

Humidity

0478
0.491
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Types of tack coat

0.874
0.93
0.889

Amount of
tack coat
spreading

0.796
0717
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Surface roughness

0.87
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0.879
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Influencing factors

Temperature/°C

Humidity

Types of tack coat

The amount of tack
coat spreading /kg/m?

Surface roughness

The levels of factors

12h
24h
36h
48h
Matrix asphalt

Modified emulsified
asphalt B

Modified emulsified
asphalt A

SBS modified asphalt
Rubber asphalt
0

025
05

0.75

1

No groove
2cm
150m
fem
05cm

Shear strength (MPa)

A

2119
1.237
0.478
0.043
0.029
0.478
0314
0.194
0.146
0.099
0.313
0.445

0.478

0.406
0.347
0.228

0.262
0.478
0.505
0516
0.478
0.547
0.585
0.600
0.609

B

2323
1.361
0.503
0.154
0.059
0.503
0.382
0.262
0.189
0.123
0.310
0.454

0.503

0.372
0.358
0.203

0.356
0.503
0.496
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0.503
0577
0.626
0.647
0.658

c

2763
1.497
0.563
0.089
0.049
0.563
0.431
0311
0.217
0.155
0.286
0.430

0.563

0312
0.325
0.409

0.530
0.563
0471
0.435
0.563
0.650
0.694
0.718
0.731
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Index Improved method Current specification

Content of emulsified 3.1 5
asphalt (%)

15°C splitting strength 0.6 0.659
(MPa)

Dry-wet splitting strength 95 76
ratio (%)

60°C unconfined 0.39 0.182

compressive strength (MPa)
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Evaporated residue

Solid Sieve Storage stability Penetration/25°C, Softening
content/% residue/% (5 days, 25°C) (%) 0.1 mm point/°C

60.1 0 1.3 67 46.5
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Sample SO S1 S2 S3 S84 S5 S6 S7 S8 S9 S10

SAC/PC 010 1:9 228 37 46 565 64 7:3 82 91 100
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Parameter Control sample @ FA10% FA20% MP10% MP20%

Thetat/(Pa) 50.53 31.73 46.00 7.38 7.82
npi/(Pa-S) 0.76 0.82 1.14 0.34 0.35
R? 0.996 0.999 0.998 0.975 0.974
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Modulus (MPa)

G* w AE DF SP A/C w/C 7 days 28 days
R1 1,500 240 0 / 8 0 0.52 1,495 1,534
R2 1,500 220 50 0.06 8 0.1 0.52 1,269 1,345
R3 1,500 180 150 0.10 8 0.3 0.52 961 1,037
R4 1,500 140 250 0.16 8 0.5 0.52 695 783
R5 1,500 100 350 0.20 8 0.7 0.52 407 512

*Q@ indlicates the dry powder of the repair mortar.
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COMPOSITION (wt, %)
SiOy

AloO3

FerOg

Ca0O

MgO

SO3

Ignition loss

PHYSICAL PROPERTIES
Density (g/cm?)

Surface area (m?/kg)
Setting time (min)

Initial setting

Final setting
COMPRESSIVE STRENGTH (MPa)
3 days

28 days

PC

21.46
5.64
2.95

60.59
1.64
2.75
2.95

3.12
349

129
190

24.0
51.7

SAC

6.45
20.58
1.35
43.72
1.83
17.89
6.13

3.04
282

28
50

45.2
50.4
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OAC = (OAC, + 0ACy)/2 = (5.405% + 5.35%)/2 = 5.38%
8)
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OAC; = (OACumin + OACmax)/2 = (5.3% + 5.4%) /2 = 5.35%
@)





OPS/images/fmats-07-00182/fmats-07-00182-e005.jpg
OAC) = (a) +ay+az+aq)/4 =

(5.56% + 5.65% + 5.43% + 4.98%) /4 =

.405%  (6)
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Data

Number Average Molecular
Weight (Mn)

Weight Average Molecular
Weight (Mw)

Mw/Mn

0.5 wt% CNF

730

15469

21.18

0.5 wt% CNFs + 1 wt% SBR

698

2833

4.06
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ID Properties Storage
stability (%)

Penetration/ Softening Rotational Ductility/
0.1mm point/°C  Viscosity/ cm

Pa-s
Control 65 47.5 0.48 5.0 0.5
0.1C 57 50.0 0.51 - 3.2
0.1C1N 56 50.5 0.50 = 0.6
0.1C3N 57 50.0 0.52 - 0.5
0.1C1N1S 52 52 0.55 9.5 0.6

0.1C3N1S 51 51.5 0.55 9.9 0.5
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ID CNFs content (wt%) NH4CI content (wt%) SBR content (wt%)

Control - - =
0.1C 0.1 - =
0.1C1N 0.1 1.0 -
0.1C3N 0.1 3.0 e
0.1C1N1S 0.1 1.0 1.0

0.1C3N1S 0.1 3.0 1.0
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Commercial name

Length (um)
Diameter (nm)
Surface area (m2/g)
Purity (%)

Density (g/cm®)

XFM60

5-50
200-600
>18
>70
214
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Index Result

Penetration (0.1 mm) 67
Softening Point (°C) 47.5
Ductility (10°C) (cm) 25
Rotational viscosity (135°C) (Pa-s) 0.48

Pl (-) 0.7
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Test Unit Waterborne epoxy dosage/%

0 5 10 15 20 25 30
Penetration at 25°C 0.1 mm 41 33.9 262 24.6 21.9 17.8 15.2
Ductility at 5°C cm 62 80 63.9 401 7.3 - -
Softening point °C 80.3 80.7 82.1 84.1 >90
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Test Unit Waterborne epoxy dosage/%
0 15 30

Anti-sliding performance tests Pendulum test = 77.4 82.0 80.3
Surface texture depth mm 0.91 0.94 0.99

Rutting test Rut depth mm 1.432 1.245 0.963
Dynamic stability times/mm 1,986 4,285 8,798

Water stability test Standard Marshall stability kN 6.10 7.20 15.20
Immersion Marshall stability kN 5.29 7.56 15.79

Residual stability % 86.7 105.0 103.9

Cantabro Test Mass loss % 23.4 201 16.0
Low-temperature bending test Flexural tensile strength R 0°C MPa D.728 1.898 4.516
—-10°C 1.014 2.204 4.727
Maximum flexural tensile strain eg 0°C e 1,314 1,656 2,130
—-10°C 1,441 1495 2,056
Flexural stifiness modulus sg 0°C MPa 554 1,220 2,120
—-10°C 704 1,474 2,299
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Test

Appearance
Solid content
Solid component
Viscosity at 25°C
pH

Specific gravity

Unit

%
%
MPa’s

Waterborne epoxy emulsion

Milky white resin emulsion
50 +£2
22-28
100450
2-7
1.01-1.08

Curing agent

Yellowish uniform fluid
50+2
20-32
>2,000
8-11
1.00-1.08
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Tests

Unit Aggregates size Methods
5-10 mm 3-5 mm 0-3 mm
Crushing value % 4.9 5.3 - T0316
Los Angeles abrasion value % 6.1 6.1 - T0317
Water absorption % 0.87 0.96 — T 0307
Density g/cm? 2.93 2.92 2.93 T 0304/T 0328
Sand equivalent % - = 87 T 0334
Methylene blue value a/kg - = 14 T 0349
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Gradation Mass percentage of aggregate passing through the following sieve pores (mm)/%

9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

OGFC-5 100 76.5 14.7 9.3 7.7 6.3 5.3 4.5
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Adhesion level

Waterborne epoxy dosage/%

10 15 20 25 30

Ratio of waterborne epoxy resin to curing agent 241 3 4 5 b 5
1:1 3 4 5 5 5

1:2 3 4 5 5
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Test

Residual amount

Charge

Demulsification velocity

Properties of evaporative residue of emulsified asphalt

Elastic recovery at 25°C
Storage stability

Asphalt content

Penetration at 25°C
Softening point

Ductility at 5°C

Dynamic viscosity at 60°C
Rotary viscometer at 135°C
Solubility

1d
5d

Unit

%

%
0.1 mm
€©
cm
Pa’s
Pa’s
%

%

%

%

Results

0.02
Cationic
Slow
62.9
4
80.3
56
216,858
6.317
99.02
98.4
0.4
1.6

Method

T 0652
T 0653
T 0658
T 0651
T 0604
T 0606
T 0605
T 0620
T 0625
T 0607
T 0662
T 0656





